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HMT AMD MOISIMJEE FDOM IM COKCBEIE AS A FUNCTION OF mn?ERATOEE 

Jurgen Eundt 

0% Xnfcyoductlon 

In civil engineerings increasingly high demands are being /£ 
placed on the construction material concrete, both with re- 
spect to its function as a component of load-bearing members and 
with respect to other technological properties, such as thermal 
insulation, impermeability to liquids and the shielding of radio- 
active radiation. Taking nuclear power plants as an example, it 
is clear that the use of concrete as a construction material for 
nuclear reactor vessels has given rise to extensive development in 
construction techniques. In the Federal Republic of Germany, with 
respect to the task of constructing reactor pressure vessels of 
prestressed concrete, a guidelines program**’ has been set up which, 
besides safety aspects, above all also entails basic research of 
concrete technology £8j. This work is concerned with an important 
subproblem of this program, namely the investigation of heat and 
moisture conductivity in thermally stressed concrete structures as 
well as the accompanying structural changes of the hardened cement 
paste. The temperatures produced during the operation of thickwalled 
reactor vessels influence not only the heat-moisture equilibrium 
state attained by the structural member under normal conditions, but 
also the technological properties of the concrete, 

1. Current State of Knowledge and Presentation of the Problem 

1.0. Structure of Concrete 


Concrete consists of aggregates, hardened cement paste, water 
and air. During hardening, the* relationship of its solid, liquid and 
gaseous components changes with respect to one another, while as a 
result of chemical and physical processes, hardened cement paste is 
foimied from the paste produced from mixing water and cement. The 
volume and quality of the pore space, filled with water and air, of 
a concrete depends basically on the Inherent porosity of the aggre- 
gates, the water/cement ratio and the compression of the freshly 
mixed concrete. The hardening processes in the cement paste can in- 
deed be influenced to a certain extent by special characteristics of 
the aggregate, but in nox'mal concretes with a dense structure they 
are basically determined by the water /cement ratio and the curing 
medium. 

1.1, Hardening of Cement Paste 

1.1.1. Structure 


Portland cements consist up to 80^ of calcium silicates which 
are converted into calcium silicate hydrates and calcium hydroxide 
after mixing with water. According to Ktthl [93 hydraulic hardening, 
which includes the processes of hydrolysis, hydration and gel form- 
ation, takes place as ? result of the "dissolution of the starting 
material" (production of hydration products in accordance with the 

^Guidelines Program, German Research and Development of Prestressed 
Concrete Reactor Pressure Vessels. 
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views of X«eQhsteliei»s),, but also in part as a result of direct ao- 
cumulation of i!?ater on th,e solid phase of the starting material 
(production of gel coatings according to the views of Mchaelis), 
me calcium silicate hydrates are the main components of the hardened 
cement paste and largely deteimiine its properties (10, 11, 12, 133* 
Fully hydrated cement pastes consists of about 25% by weight of cal-- 
ciura hydroxide and 50% by weight of calcium silicate hydrates of 
different forms CCSH">phases ) . According to the structural model of 
cement paste devised by Powers and Brownyard (l43, which hasffound 
widespread approval (153 and has also recently been further devel- 
oped (see, for example, illS]), the solid portion of the cement paste 
consists of; (1) colloidal components, i.e. the gel; (2) considerably 
larger crystals imbedded in this gel and (3) capillary pores origin- 
ally filled with water* The picture based on extensive data on 
specific surface (173 9 density, permeability and strength assumes 
that the cement gel formed from the calcium silicate hydrates in- 
volves fine, thin lamellar particles (2-3 molecules thick, corres- 
ponding to 2-3 nm) which, because of their large surface areas and 
the forces thus activated, are responsible for the high strength 
levels. Because of its nature, the material, also called Tober 
morite gel, grows into the capillary pores, in the process of Which 
gel pores are formed at their expense. Depending on the stress 
concentration factor, gel pores have average pore radii between 1 
and 2 nm El43ji while capillary pores have larger radii, namely 
greater than about 4 nm (on this point, also see El83). Accordingly, 
Just in terms of the way they are formed, gel pores differ from cap- 
illary pores. 

Furthermore, it is assumed [l4] that the capillary pores in 
fresh cement paste form a network which, during gradual maturing, 
is increasingly filled with hydration products until the capillary 
pore space is filled up or all of the clinker grains have been 
transformed. In contrast to the gel poreN'space consisting of the 
characteristic pore siae, which with full hydration is supposed to 
reach about 28^ by volume El93, the capillary pore volume depends /IQ 
on the water/cement ratio and the degree of maturity of the cement 
paste in question. Since about 25% by weight of the cement in the 
form of chemically bound water and 15^ in the form of gel water are 
used for complete hydration, it follows [10] that cement pastes with 
water/cement ratios <0,4 must still contain undecomposed clinker 
grains even after a very long time. On the other hand, in cement 
paste with imter/cement ratios up to 0,7 in the mature state, capil- 
lary pores are accessible only through gel pores. Above this water/ 
cement ratio, capillary spaces form in the cement paste which, be- 
cause of their size, can no longer ’’grow together” with hydration 
products, so that the permeability of the pore system increases con- 
siderably, 

1,1*2, Pore Space 


Views on the shape and quality of the cement paste components 
as well as the pore space formed by them differ to some extent, 
Richarts and Locher El23 found that the crystalline calcium silicate 
hydrates are mostly in the form of fibers and consist of rolled up 
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films in tlie form of small tubes. As the hydration time increases, 
they form b, thick network, Calcium hydroxide, by contrast, forms 
thin~-Sheet crystal? which Envelop already present hydration products 
with increasing hydration time. Since these tubial-shaped calcium 
silicate crystals differ in diameter, they also form different pore 
sizes with a continuous distribution, Mnslow and Diamond E20], on 
the basis of scanning electron microscope studies, are also of the 
opinion that pore sizes exist between the size of gel pores and cap- 
illary pores. Accordingly, the volume to be attributed to the gel 
pores would have to be <28Jd, which can also be confirmed with the 
help of total porosity and penetration measurements. 

Independent of these not yet clearly solved problems which, 
in particular, are also important for the finding of water in the 
pore space, it must be recorded that the hydration products of the 
cement paste form a unidnnwhich becomes denser with increasing age, 
in the process of which the gel pore spacepincreases and the spec- 
ific surface reaches values of about 175 m'^/g CDl7!]j also see E21]), 
Since this occurs at the expense of the capillary pore space whose 
’’starting volume” depends on the water /cement ratio, the total pore 
volume Ci.e. total porosity) reached after complete hydration is 
determined by the water/cement ratio. The changes in volume can be 
estimated, in the process of which it must be borne in mind that the 
total volume of cement and water is reduced during hydration •(’’ shrink- 
age”), and that besides the chemically bound water, about 15^ of the 
cement by weight is accumulated as gel x-rater. These relationships 
are presented very clearly in E22]. 

Various methods are available for characterizing the pore space 
(23, 24], Besides the optical methods (light and electron micro- 
scopy), these are primarily indirect methods, such as the water 
absorption method, mercury poroslmetry or the absorption of different 
mediums. With these methods, starting with a certain parameter (e,g, 
pore volume), other properties of the pore space are inferred Ce,g. 
pore size distribution) with the aid of a theoretical model equation. 
So, for example, permeability measurements provide information about 
pore shape and arrangement. Because the permeability of the pore 
system increases much more rapidly than the total porosity with an 
increasing water /cement ratio, we can infer that the pore radii be- 
come considerably larger* as the water /cement ratio increases Ell]. 

1,1.3< Water in the Pore Space 

Cement paste contains water in liquid form (’’capillary water”) 
as well as in the form of water vapor, as adsorptively bound water 
(’’absorbate water”) and as chemically bound x^ater. An exact dis- 
tinction according to bond types is hardly possible using an iraper- 
Ical approach ’’because the dissociation pressure of the hydration 
products and the water vapor pressure of the adsorbed and free water 
are continuously merging into one another” E25J* The experiments 
reported in E123 have also shown, for example, that the intermediate 
layer of water stored in the tube-shaped calcium silicate hydrates 
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is to be att??ibuted to the eh^ic^lly bound ws.ter, although it 
eyapopates during vacuum drying. 


Thus, it has proved to be convenient to follow the suggestion 
of Powers and Brownyard 11^3 and subdivide the total water content 
into evaporatable and nonevaporatable water. In the drying process 
used by these two waters, which has been further developed by 
Copeland and Hayes the nonevaporatable water is to be approx- 

imately equated to the chemically bound water. 

In the method usually used, for practical reasons, for deter- 
mining the content of "free water" by heat treatment at about 105°C, 
it is disregarded that Cl3 the adsorptively bound water is perhaps /II 
not completely expelled during the heat treatment and C2) that the 
cement paste also gives off water at this temperature which is 
actually to be attributed to the chemically bound water. So, for 
example, it has been attempted to improve the reproducibility of the 
process by keeping the drying temperature very constant and specify- 
ing the drying time E28]. 


The forces to be overcome during drying depend on the bond type 
existing in each case, If we disregard the chemical bond, then on 
the one hand we are dealing with capillary forces which are deter- 
mined by the capillary radius as well as the surface tension and the 
contact angle of the medium. Secondly, we are dealing with 
VanderWaals forces which hold several layers of water molecules on 
the surfaces. The special conditions of the pore space are expressed 
in the absorption isotherms measured by numerous authors (e.g. [29]) 
to characterize the drying behaviour of cement paste and concretes. 

In so doing, the water content, according to the theory of capillary 
condensation, can also be related to filled pore sizes with radii be- 
tween 0,1 and 50 nm [30], 

Besides the method of characterizing the moisture content in 
cement paste and also in concrete on the basis of weight loss due to 
heat treatment at 105°C ("gravimetric method"), a wide variety of 
physical effects are used to measure moisture, the use of which de- 
pends largely on the specific experimental conditions involved, 

Altmann [31] gives a list of the most popular methods (also see [32]), 


1,1,^, Technological Properties 


Besides the internal interfacial energy forces, external con- 
ditions also Influence the hardening and state of the cement paste. 
Just as in the above considerations, it is assumed that the harden- 


ing takes place at room temperature of about 20°C and a relative 
humidify >80^, so that the equilibrium moisture content of the cement 


paste or concrete necessary for the reaction steps is not exceeded 
Ccf. [ 29 ]). Por the sake of completeness, we should here point out 


The terra "moisture content" used below, which corresponds to the 
evaporatable water, distinguished the different states. ¥lth respect 
to the terra "hygroscopic moisture content" see [ 273 . 





that earhoni.zation processes, vfhich likewise cause structural changes, 
are disregarded here because, in general, they are important only for 
surfaces with direct access to wear and moreover they proceed very 
slowly. 

Since the strength of the cement paste depends basically on the 
surface forces prevailing between the gel particles, it increases 
with age, i.e. as the amount of hydration products increases. Fur- 
thermore, both the compressive strengths and the bending strengths 
are determined by the total porosity, and since this depends on the 
water/cement ratio, there is a direct relationship between strength 
and the water /cement ratio E333. With respect to the pore space of 
concrete, Pilny C3^3 points out that the larger hollow spaces, which 
are to be attributed to defective compression, contribute far more 
to the reduction in strength than the porosity dependent on the 
water/cement ratio. 

Pore space and moisture balance are closely interrelated to 
the most important technological parameters of the cement paste and 
concrete. So the shrinkage following the pouring of the concrete is 
due to the chemical bonding of water which is initially intense and 
then becomes slower. By contrast, the reversible shrinkage or swel- 
ling is obviously caused by changes in the internal state of stress 
during the drying or filling of the capillaries. The irreversible 
deformation due to shrinkage, clearly a function of the porosity, 
are attributed to structural changes in the cement paste C35,3^>11]. 
Slow displacement of water from the capillaries is also regarded, 
for example, as the cause of the creep of cement paste occurring 
under load E34, 36 ^]. Of the many articles on this problem, those 
by Bazant are to be singled out. He considers the interaction be- 
tween the surfaces deteimiined by the microstructure and the water, 
which is absorbed in variable layer thickness, as the determining 
mechanism for creep Ce.g. E37» 383). 

1,2, Influence of Increased Temperatures on the Behaviour of Concrete 
1,2.0, Demands on Reactor Concrete 

Since concrete offers effective protection against land neutron 
radiation, which are especially dangerous because of their penetra- 
tion capacity, it is advantageously used in the construction of 
nuclear reactors [393. The attenuation of A radiation is accomplished 
by the relatively large mass provided by thick walls while the neu- 
tron flux is slowed down primarily by the hydrogen atoms present in 
the cement paste Con this point see for example E4 q]), The use of 
concrete in thickwalled vessel structures, however, presupposes pre- 
cise knowledge on the phenomena to be expected in the pore space as 
a result of thermal stress. The development of these phenomena is 
influenced by changes in the heat and moisture conditions. In the 
context of the prestressed concrete reactor vessel program (cf. E83), 
Eibl and co-^workers E^l3 have presented a ’’Study on the Determination 
of Special Concrete Properties in the Construction of Reactor Pressure 
Vessels”, This reports on the present state of knowledge. In this 
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report, a t'emperat-uye dii’fepence of 6Q°.C between Ineide and out- /12 
side la taken as a basis fop tbe "ten^pepatupe when loaded’* of the 
vessel , 

1« 2«1« Heat 'ofl Hydpatibh 

The thepinai stPess of the vessel will be set at a point in 
time at which the concipete is already in an 'advanced stage and has 
peached a relative ly high de^ee of maturity. Its ppoperties, how- 
ever, depend on; the preceding history of events, within which tem- 
perature changes after pouring of the concrete are especially 
impGptant in the case of massive structural members. The heat 
released as a result of exothermic reactions during hydration can, 
as a consequence of thermal expansion, cause permanent deformations 
in the concrete, which is still not very hard, and also lead to the 
formation of cooling cracks after cooling aiid contraction £42]. With 
suitably large temperature differences, structural stresses must 
also be taken into account inasmuch as cement paste and aggregate 
have very different thermal expansion coefficients. TTery little is 
known, however, about the effects of such structural stresses on 
the association between cement paste and aggregate Ccf. £433). 

1.2.2. Heat and Moisture 'Conductivity 

At the time the reactor is put into operation, the concrete of 
the pressure vessel has assumed the temperature of the surrounding 
air Cabout 20°CI. A relatively thinkouter layer on the external 
surface will have adapted itself to the surrounding air by releasing 
moisture, while the vessel wall in the interior will have the original 
total water content. The inside of the vessel is sealed by a metal 
liner so that no moisture can be lost there. 

The temperature field which is established in the vessel after 
being put into operation leads to changes in the original, almost 
uniform moisture distribution as a result of moisture conductivity 
in the direction of the heat flow. It has been attempted to simulate 
these events in experiments using concrete beams of different sises 
heated on one side. The 'special conditions which existed during 
these experiments are unfortunately reported for the most part only 
in broad terms, and in many cases there is no data on the composition 
of the concrete necessary for further interpretation. Browne £443 ( 

cites results reported by Ross and co-workers £44] on a beam about 
1.5Q m long with a temperature load of 80®C as opposed to an ambient 
temperature of 20®C, Hornby £463 reports on moisture profiles which 
were measured on a 2,70 m long beam, one face of which was heated to 
a temperature of 150® 0, while the other face had a temperature of 
25®0, 

For beau}^ measuring between 0,6 and 3.1 m long, which were 
heated to temperatures of 125® C on the sealed, vaportight face, 

England and Ross I?47l! give water content distributions as a function 
of the heating time. 
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McDon^3,d reports on exper^Jijents on s 2.7^ jh long beam of 
concrete with, calcite aggregate ' Cfresh concrete bulk density 2,38 
kg/dm*^! water/cement ratio 0,47s compressive strength after 28 days 
approx, 420 kp/cm ), The heating of the beam, which, taking into 
consideration the actual shape of a vessel section, tapered towards 
the inside, was begun at an age of 17 months. Since after 127 days 
of heating at about 65®0 on the hot face, noticeable changes in the 
moisture distribution could be detected only on the free face, 
McDonald assumed that with this temperature gradient (44®C/2,f4 m) 
and the other parameters, ant'iadverse effect on the properties of the 
concrete did not have to be reckoned with. 

The expected changes in the moisture distribution in the concrete 
wall are discussed by Waubke E4l] with regard to the usual diffusion 
equasion CFick^s first law) 


Af/&t « div (k* degree f) Cl) 

(cf, [493 ), which is valid for a steady diffusion current. In this 
equation, f represents the moisture content, t time and k the dif- 
fusion coefficient Cmolsture conductivity). With the diffusion 
equation, the actual relationships can only conditionally be taken 
into account, since the "internal drying conditions", which are to 
be measured by the moisture conductivity, are constantly changing. 

To be sure , ^various equations have been proposed for the dependence 
of moisture conductivity [293* however Waubke comes to the conclusion 
that in all studies the temperature dependence has been disregarded 
and, moreover, corresponding experimental studies are lacking. In 
the study carried out by Bazant [503, Waubke continues, it turned 
out that the pore structure necessarily takes on decisive importance. 
Under practical conditions it is to be assumed [4l3 that a thin 
shell region drys out on the outside in which the conditions there- 
after no longer change considerably. By contrast, in the moist 
internal regions, as a result of the strong temperature dependency 
of the moisture conductivity, changes in the moisture profile have 
to be taken into account which could have an influence on the changes 
over time of the local temperature conductivity. 

Therefore, in agreement with the data given by the authors 
cited above [44-473# immediate changes are to be expected in the 
moisture content of the Copen) external surface as well as on the 
heated inside surface of the vessel, Very slowly increasing losses 
within the moist interior are to be expected only after a longer 
period. With the mathematical equations available it is not possible 
to predict the course of the drying process over time, because we do 
not have the necessary characteristic quantities of the material. 
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2^ 3 « TeohnolQ^loal Proye^tles 

The above studies [44-48] cover special characteristic values 
imediately necessary for constructive calculations. With the 
material changesa above all those concerning pore structure, 
the heat-moisture events cause deformations a§ a result of 
shrinlcage/swelling and thermal expansion. Moreover, with a 
reduction in moisture content we must also take into account 
a direct imparlment of thermal conductivity. In this connection, 
we can merely mention the thermal effects on creep as well as on 
the strength properties and the elastic behavior of the concrete. 

With regard to the shrinkage phenomena, Ross and Parkinson I 
[51] discuss experiments on pieces of concrete measuring about 
1.50 meters long and ihade of gravel concrete with a water/cement 
ratio of 0.8, after three years of heating (heating started at 
an age of 139 days 5 the face heated to 80®C at a degree of 
shrinkage of ^about 300 and the open face (23.8®C) had a 
degree of shrinkage of about 150 um/m, while the interior, which 
remained moist, remained largely free of expansion. According 
to [44], based on studies reported in [45], a degeree of shrinkage 
of about 400 um/m is to be expected for the concrete on the face 
heated to 80®0. In [4l] it is pointed out that these relatively 
high values may be caused not only by drying processes, but pre- 
sumably they are also attributable to the decompostion of hydra- 
tion products at temperatures above about 60® C. 

According to the mechanical theory of heat (cf. [52]) molecu- 
lar kinetic phenomena are responsible for the thermal capacity, 
the thermal conductivity and the thermal expansion of a material. 

The thermal expansion of solids is thought to be caused by the 
increasing kinetic energy, resulting from an increase in tempera- 
ture, of the molecules or atoms oscillating in the space lattices, 
i.e, the thermal expansion behavior depends first of all on the 
nature and structure of the materials. In the case of concrete, 
besides this type of expansion, volume changes occur which arei- 
related to moisture phenomena. According to Pilny [53], linear 
deformation occurs if, for example* as a result of changes in the 
hygroscopic equilibrium, water is condensed out of the large pores 
into the gel pores. 

In a fundamental work on the thermal expansion of cement 
paste, rocks and concretes, Dettling [54] distinguished the 
’•true thermal expansion", which is measured as the overlapping of 
thermal expansion with mechanical expansion, and the "apparent 
thermal expansion", which occurs as an inevitable result during 
temperature changes due to rearrangements of moisture. Thus, 
in the dry and water«saturatsd state, cement paste has expansion 
coefficients differing only slightly from one another on the 
order of a«10, 0*lQ"v®C* Compared with this, with moisture contents 





between 70 g and 4??* depending on the age, maximum expansion 
coemcients between 21 and 23 ' 10*°/® 0 result due to the con- 
tribution of the apparent thermal expansion. 

Dettling, who has evaluated the extensive data of various 
authors Ce»g^ 1553 )» gives equations for calculating the linear 
thermal expansion coefficients of concretes in which the domi- 
nating influence of the aggregates on the expansion behavior 
is expressed E56^3s 

a “ • C(b) + ttg (2) 

In this equation C4{,„ represents the expansion coefficient of the 
cement paste as a function of the moisture content, age and tem- 
perature j represents the expansion coefficient of the aggre- 
gate, if necessary as a function of temperature j the factor C 
(b) takes into account the composition of the concrete. For 
temperatures between 20 and 80°C, the dependence of expansion 
coefficients of concretes on temperature is small and might 
perhaps produce a noticeable effect if limestone is used as the 
aggregate C573. 

With respect to the state Of latent stress created in concrete 
as a result of increased temperature it is pointed out [58] , 
that a considerable portion of the an\ount of expansion is pre- 
vented by the amount the thermal expansion coefficient of the 
cement paste exceeds that of the aggregate. The resulting struc- 
tural stresses 'may well lead to plastic deformations of the 
cement paste. As to the question of to what extent this is re- 
lated to consequences for the pore structure of the cement paste 
and, for example, also for the mechanical properties of the ce- 
ment as a function of the state of maturity in question, no data 
could be found in the literature. 

Krischer [593 has theoretically analysed the relationships / V\ 
between "heat transport and material transport" in porous sub- 
stances for temperatures up to about 100°C, According to him, 
besides the heat conductivity of the solid components, moisture 
content and temperature are also decisive factors, since con- 
siderable quantities of heat can be transported during vapor 
diffusion processes. In this connection, Cammerer [6o3 states 
that, to be sure, the theoretical principles have largely been 
worked out, but that many practical empirical values are still 
lacking. 

The overview presented by Rieche 1^13 on the heat conductivity 
of heavy concrete, which takes into account the studies of a wide 
variety of authors, indeed contains a number of values, Itfut in 
some cases these differ considerably from one another and do 
not talce into account at all, or only insufficiently, the effect 
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of moisture content and temperature. Atove all, this may be 
due to the fact that the so-called stationary measuring ‘-methods 
usually used for studying thermal conductivity against variable 
moisture contents and variable temperature are not suitable. 

With regard to thermal conduction of the solid components 
of hardened concrete, it is the view of Missenard C6l] that first 
of all the type of cement as well as the cement content, the 
mineral structure of the aggregate and the compression of the 
fresh concrete are important. According to Marechal [62], the 
thermal conductivity of concrete is possibly more influenced 
by the shape and arrangement of the aggregate granules than by 
the "intrinsic conductivity’^ of the rock. With the aid of a 
theoretical model, Harmathy C633 has calculated the thermal 
conductivity at room temperature for different compositions 
of concrete. Accordingly, for 85J5 by weight of quartz aggre-r* 
gate in concrete he arrives at Xe2,5 W/m*K, and for about the 
same proportion of feldspar aggregate he obtains 1»1,3 W/m»K 
Calso see E413). This may explain the limit values to be 
expected as a result of different aggregates. 

In C4l3s Rieche states in summary form that for concrete in 
a moist state at temperatures above SO^C, a considerable increase 
in thermal conductivity (40-50^ in comparison with the dry state) 
should have to be taken into account. In the ease of massive 
structural members, he adds that only very slow drying and 
correspondingly slow alteration of thermal conductivity are to 
be reckoned with. For calculating temperature fields, the 
following limit Values are given: 

1.3 < X < 3.5 (W/ra‘K) 


1.3. Statement of the Problem 


To be sure, the most important relationships in the forma- 
tion of cement paste are known, but the pore space, which is 
a determining factor for the binding of the water and for the 
technological properties, is not yet satisfactorily characterized. 
In particular, there is a lack of data on the actual pore shapes 
as well as on the three-dimensional arrangement and distribution 
of the pores, likewise, very little has been reported in the 
literature on the influence of aggregates on the pore space of 
mortars and concretes. 

The internal, Interfatial energy forces are a function of 
the properties of the pore space and also of the wetting be- 
havior of the water contained therein. By changing the external 
conditions', the heat-moisture balance is disturbed. The tem- 
perature directly affects the development processes , and. 
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presumably at temperatures above about 50*0* already causes 
structural changes in the cement paste. 


Data is available from studies of moisture conductivity 
in massive structural members under heat stress which allow us 
to draw qualitative cone illusions. According to this data, we 
must briefly consider changes in the moisture content ^>on the 
open external surface and on the heated internal surface, 5?he 
moisture distMbution in the interior, by contrast, changes 
slowly bnly in, the course of several years of heating. 


Depending on the type of concrete, the degree of shrinkage 
on the heated and largely dried Internal surface is expected 
to be on the order of ^00 inii/m, The thermal expansion coeffi- 
cients of the concretes are not Only strongly dependent on the 
type of aggregates used but also on the moisture content, and 
if the expansion characteristics of the cement paste and aggre- 
gate are known, these coefficients can be predicted. At tem- 
peratures below 100®C, the thermal conductivity depends largely 
on the moisture content and temperature. Although the theoretical 
relationships are^clarified to a large extent, there is a lack 
of practical measured values, or more precisely the data given 
in the literature differ^widely from one another. 


The data given in the literature on heat and moisture con- 
duction in massive structural members acted upon by heat are 
only spotty and are not sufficient for representing the develop- 
ment processes. The same is also true foz' the technological 
properties affected by changes in the heat-moisture conditions . 
In order to make possible quantitative information, it was 
therefore necessary to study in detail heat and moisture con- 
duction in concrete while varying the determining parameters 
and verify the findings experimentally. At the same time, the 
material changes decisive for the technological properties had 
to be determined and relatedc^to the processes in the binding 
agent matrix. 


2, Our Own Experiments 


2.1, Materials and Method 


2.1,1, Experimental Materials 


2. 1,1,1, Raw Materials for the Concrete 


For the heat and moisture conduction experiments, as far 
as possible the same concretes were to be used As in parallel 
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prQgrania OS' the ppesta?essea conctote reactor vessel project being 
carried on elsewhere I8n« Accordingly, two types of concrete 
rare to be studied, *]?hese dlfferebasically in the type of aggre-*^ 
gates^ one of them involving crushed limestone and the. other sand 
and gravel. The aggregates and the cement rare obtained with 
the cooperation of the Fried. Krupp Smbttce., Univeraalbau, 

Essen, from the same deposits and manufacturing batches respect- 
ively so that by using substances which were obtained of pro- 
duced at the same time under the same oonditinns the compara- 
bility of the results could be guaranteed. 

The crushed limestone material, referred to below as calclte 
aggregate Cin analogy to the term calcltlc concrete etc,) was 
suppll<.d by the Rhine limestone works in Wdlfrath in fractions 
of 0/2, 2/5, 5/8, 8/12 and 12/16 Cthe classification corresponds 
to the square aperture fractions as per the "Memorandum for 
Granulations from Crushed Natural Rock CEock Material)" of the 
the Eeseareh Association for Highway Construction). It was 
dried at 105®G and subdivided by sifting into 8 fractions and 
3 gapped gradings. The aggregate mixture composed of the groups 
for making the *^calcite" concretes (beams 1, 2 and 3) corresponded 
to the grading curve as per DIN 1045 as shown in Fig, 1 II], The 
grading curve includes the limestone powder to be added according 
to the .recipe. This powder was also obtained from ¥81frath and 
its aggregate grading is shown in Table 1. 


Table 1 

Aggregate grading of the rock powders used. 


Gestblns-^ 

B 

Antoil iil ^ ^ 

dQji KoriVeruppen 

mhl 


' 

,ip0/2''0 

i ■ ■ ■' 

. A . ' 



0/50 

50/100 

/U 


QlCulkQtiOinTntihl 

64,4 

: 86,2 


0,4 ; 

X) ^uarsmeyhl 

5U0 

a?,o 


d.8 


Key; A, Rock powder 

B, Proportion in SI by « 
weight of the fractions ' 

C, Limestone powder 

D, Quartz povrder 

* Test screens as per 
DIN 4188 [43, 
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Pig, 1, grading curves for the caicite and gravel-sand aggregates 
used for making the concretes for beams 1, 2, 3 and ^,': 5s 6 re- 
spectively with a maximum grain size of 16.0 mm. 

Aperture sizes and grading curve ranges are in 
accordance with DIN 1045 « 

Key: A, ^ by weight 

B, Calcite aggregate 

C, Gravel -sand aggregate 

D, Undersize 

S, Aperture width 


The uncrushed material, ranging in shape from round granules 
torwafers and consisting for the most part of quartz or granules 
with a high proportion of quartz below referred to as gravel-sand 
aggregate, Canalogously, gravel-sand concrete and so forth), came 
from the Heinrich Elskens AG Co,, Duisburg, The name given to 
it by the company was «3chifferstrasse** and it was delivered in 
the fractions 0/3, 0/15, 7/15 and 15/30 Cdassification as per 
DIN 1045, Jlily 1952 edition). After drying at 105°C the material 









was subdivided intd six fractions and a gapped grading by 
screening, iP&e mixttire composed of the fractions for the 
concretes with "gravei;<r»sand aggregate” QSestos 4, 5» 6) 
corresponded to the lower grading curve shown In Fig , 1 as 
per DIIT 1045 Il3 which Includes the quartz powder used 
according to the recipes for mhlclng the concrete, The 
quartz powder was obtained from Dr. MUller GfmbH West German 
Quartz Works, Dorsten Cmanufacturer^s brand jname; ”Silicite”) 
and its aggregate grading is shown in Table 1 . 

The binder used was a Portland cement with a high initial 
strength of the strength class PZ 450 P DIW 1164 [33. The 
cement, delivered in sacks, came from the DJ:ckerhoff Zement- 
werken AG in Weubeckum and carried the brand name "Mark II”, 
Random sample analyses Ccf* section 2. 1.1,4) of the cement 
to characterized its properties revealed the following char- 
acteristic values; 

Composition, DIN 1164, page 3 £3] 

Satisfies the requirements; 
cf. Table 2. 

Fineness of grinding, DIN 1164, page 4 
Remainder on the test screen fabric 
0,2 DIN 4l88 0,4^ by weight 

p 

specific surface using=the air permeability method 3470 cm /g 
Setting, DIN 1164, page 5 

Start of setting measured with a needle device 97 minutes 
Soundness, DIN 1164, page 6 

The results of the boiling test satisfied the requirements. 
Strength, DIN ll64, page 7 

The specifications of strength class 450 F were satisfied 
Ccf, section 2, 4. 2. 2.), 

Compressive strength after 28 days „ 
on average 50,5 N/mra'^ 

Heat of hydration, DIN 1164, page 8 

273 J/g 
C.S 65 cal/g) 

The evolution of heat for Portland cement with higher 
initial strength in comparison with that of a blast- 
furnace cement with slow initial hardening is illustrated 
in Fig. 2 using temperature measurements made in a glass 
dontainer insulated with polystyrene foam, For each 
substance the container was filled with 160 g of pure 
paste with a water /cement ratio of 0,4, 

Density 3.10 g/cm^ 

determined as per [643, 
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Table 2 

Chemtcal analysi's of the cemfent. 
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Key: 


A. Ingredients 

B. Percent by weight 

C« Without loss on ignition 

D, Loss on ignition, 1000°C 
carbon dioxide contained 
therein 

E. Insoluble residue 
P, Silicon dioxide 

G, Aluminum oxide 

H, Iron oxide 

I, Titanium dioxide 
I, Managanese oxide 

K. Calcium oxide 

L, Magnesium oxide 
M* Potassium oxide 
Nt Sodium oxide 

O, Sulfate 

P, Corresponding to calcium 
sulfate 


Q, Chloride 

R, Remainder (not 
determined) 

S, Total 

T, Potential phase 
composition 

U, Limestone standard 

V« Iron-alumina ratio 

W» Silica modulus 

+) Sample preparation, 
analysis and calcu- 
lation as per [653 
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Pig. 2. Change of temperature over time of ''Mark II’* PZ t5Q P 
Portland cement in comparison to HOZ— 350 L blast-furnace 
cement. Measured in a glass container Insulated on all 
sides, for each sample filled «ith iGo g of pure paste 
with a water/cement ratio of O.M, 


Key; 


A, Temperature 

B. Time in hours 

0. Heat of hydration after 7 days 
D. Measured on l6o g of paste, 
water/cement ratio«0»^, in a 
polystyrene foam bos 


2.1.1. 2. Concretes 

As far as possible, the concrete compositions were adjusted 
to the recipes used by Pried, Krupp GmbH Universalbau Co, C83. 
Complete agreement in the properties of the concretes could nbt 
have been achieved in principle even using the same starting 
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materials, because of inhomogeneities of the aggregates, different 
manufacturing and processing conditions etc. 

As is obvious from Table 3, ^‘or the two types of concrete, 
differing in terms of the aggregate, three different mixtures 
were made, yielding beams 1, 2, 3 and 5, 6 respectively. 


Table 3 

Characteristic data for the fresh concretes with 
calcite aggregate (beams 1, 2. 3) and gravel-sand 
aggregate (beams 4, 5, 6). 



" ’ I 

A 

Beton mit 

calcitlBchem Zuechlag 

®Beton ®lt Kieaeand - 

Ziiuchlag 



c 

Balken Nr* 


C BalJcen Nr. 
1 




1 



4 

. . -J 

5 

6 

D ZuBchlag 

kg/m^ 

192B 

iyo5 

1878 

1927 

1906 

1892 

E ZoBent (FZ 450 F) 

kg/m^ 

5^1 

537 

335 

305 

301 

299 

»/Z-Wert 

0b50 

0.565 

Ob63 

0,52 

0.575 

0.63 

- - - 

G VerdlchtungawaB 
oach Wale 

1*40 

1,27 

1.14 

1.22 

1.11 

1.10 

H Luf tporengehal t 

Vol.-v« 

1.5 

1.3 

1.5 

2.3 

i 2,2 ; 

2.6 

T Friechbotonrch- 
dichte 

kg/dai^ 

2.44 

2,43 

I 2,48 

2,39 

1 2.58 

2.38 

Druckf estigkai t im 
J Alter von ?8 Tagen 
(Lagerung nach 
DIN 10^8) 

2 

N/irun 

52.5 

\ 

46,0 

i 

i : 

I 59.6 

i 

! 

51.2 

j 49,5 

1 

1 

; 4 3.0 

1 


Key; 


A. Concrete with calcite aggregate 

B. Concrete with gravel-sand aggregate 

C. Beam number 

D. Aggregate 

E . Cement 

P. VTater/cement ratio 

G, Degree of compaction using the Walz method 

H, Air/space ratio, % by volume 

I, Fresh concrete bulk density 

J , Compressive strength at an age of 28 days (curing as per 
DIN 1048) 

+) Average values of cubes measuring 20 cm on an edge. 
-Commas should be read as decimal points. 
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First of alls the compositions for concretes 2 and 5 had to be 
established by means of calibration experimants -with a specified 
aggregate mixture,. ¥ith approximately the same water /cement 
ratio and a different cement content 9 in particularly because 
of the specific properties of the aggregates, the degree of 
compaction using the Walz method was on the border between 
consistency ranges K 1 and K 2 as per DIH 10M5 El] in the case 
of beam 2 , and in the case of beam 5 it was on the border between 
consistency ranges K 2 and K 3. Both concretes had good work^^bl 
ability and at an age of 28 days they reached the compressive 
strength levels shown in Table 3 »Ccubes measuring 20 cm on a 
side). Using as a basis the mixtures for beams 2 and 5 9 the 
compositions for beams 1 and ^ were obtained by decreasing 
the water/cement ratio, and for beams 3 and 6 by increasing 
this ratio. As is obvious from the degree of compaction of 
1,^0 for beam 1 , this mixture was close to the limit for prac- 
tical workability, The degrees of compaction of the mixtures 
for beams 3 and 6 — l,l4 and l.lQ respectively— were about at 
the transition between consistency ranges K 2 and K 3. With 
regard to the sedimentation of fresh concrete during pouring, 
greater addition of water would not have been suitable, in 
particular in the case of beam 6 , 

Since the scope of the project could not be expanded at /I 

will'^ the experiment had tb be limited to varying the water/ 
cement ratio parameter important for the formation of the pore 
space. The composition of the concretes for beams 2 and 5 was 
adjusted to the practical demand for good workability with a 
low water content. From the standpoint of workabiltiy, larger 
gradations of the water/cement ratios would not have been appro- 
priate. 

The concrete was mixed in a 150 liter compulsory type mixer. 
Altogether, for each beam — including the test specimen for the 
compressive strength tests and the accompanying technical analy- 
ses — five mixer loads of the following composition were necessary: 

Concrete with calclte aggregate 

Aggregates as defined by the grading curve in 205,80 kg 

Fig. 1 Ccomposdd of 11 fractions) 

hirae stone powder 4,20 kg 

Cement ' 37.20 kg 

18,60 kg 
21,03 hg 

23,42 kg 


Water Cbeam 1 
beam?2 
beam 3) 


201, 6Q kg 


Concrete wltK graveX-sand' a'ggge'gafee^ 


Aggregates a& defined by the grading 
curve in E'ig. 1 Ccoraposed of 5? fractionsi 


Quartz powder 

8.40 

kg 

Cement 

33,20 

kg 

Water Cbeam 4 

17.27 

kg 

beam 5 

19.10 

kg 

beam 6) 

20.91 

kg 


The concrete for the cylindrical test specimens (df , section 
2. 1.2, 2) and for the reference samples for setting up evaluation 
nomograms Ccf. section 2, 2, 3. 2) etc. were made later on in addi- 
tional loads. 

During the pouring of the beams, the concrete was poured In 
layers of about 5 cm thick into the form formed by the vapor lock 
(df, section 2. 1,2, 1.1) and compacted by tamping and by vibrating 
with an imersion vibrator 3 cm thick. The amount of fresh con- 
crete used in each beam was determined by weighing. The weigh- 
ing was also used to estimate the bulk densities and total water 
contents listed in Table 4, The sample cubes for the compressive 
strength analyses and for the experiments to determine the 
technical concrete character Istictvalues (Table 3) were pre- 
pared according to DIN 1048 [2]. DIN 1048 specifications were 
also followed in preparing the cylindrical test specimens and 
the reference specimens, and so forth. 


2, 1.1. 3. Matrix Mortar 


B^om the results of the- preliminary experiments it was con- 
cluded that the structural development could not be sufficiently 
characterized solely by means of cement paste analyses, Rather, 
It was to be expected that precisely the type of aggregates 
used would be important with regard to the pore space. However, 
because of the equipment used for certain tests, in particular 
for the pore size distribution test, only small samples can be 
used, concrete itself was excluded as a test specimen. As a 
rule, concrete has a low proportion of cement paste which, more- 
over, would deviate sharply in small samples. In order to be 
able to deteimiine the special features of the pore space caused 
by the aggregate, as well as to adequately adjust the sample 
material to the demands of the measurement method, the structural 
development tests were performed on mortars. With the exception' 
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Bulk densities' and total water contents, the 
cpnca?etes compressed in the beams and the accom-r 
panyihg -matrix mortars, __ _ > 


Eigenschaf ten 


Q .;:;B B.etDn V'- O/ ... ‘ i';.:- V‘ " ‘ ' ■ ' ' ' ■. ■ -^ :5 Setoil .i; -v.;.^ 
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des .Balkenbstons P / '. 'W' 
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.^Jlittelwerte: .der 
von 1 Tag lii die \BaiIceri 
Glngesefe^ton Prooakdrper— Q 


kg/dm*^. 


kg/dm^) (2,^5) 
iTol.-Ji. ' •+, 


kg/am^ 2. 54 

fcp/dni^) (2.48) 
Gew^“$S 12.8 

Gewi-jS) C7*3) 

kg/dm^ 2^56 


(2.27) 

•17.6 


. (2-45) 

■ 15,9 

( 8 . 2 ) 

2.52 




2,22 ■ I 



a « 

:2-24) 

(2.22) 

(2.20) 

14.9 

16.0 

17.0 


.. v?-i24 >.'■ 

S s^i 0,15 


(2.25) 

19.5 


2,28 2.52 2,51 2.51 


(2i45) 

14.6 

(9,5) 

. 2,29 


(2,41) 

11.6 


(2,41) 

124 


(2.59) 

13.2 

(9.3) 

2.50 


Keyj A, Properties i 

B. Concrete 

0. With calcite . 

aggregate ] 

D« With gravel- 

sand aggregate ] 

E, Beam number ] 

F. Of the beam ] 

concrete 

Q . Dry bulk density 

H. Measured on sample? ( 

of the beam concrete 
cf. section 2»2,5 

tl Taking into con-.* "( 

aider at ion the 
relatively large . 
spread of densities 
+-tj Determined by kiln 

drying a related to the 
wfeight of the dried sample 


Dry bulk density , 
estimated 

Total water content 
Before the start 
of heating 

Of the matrix mortar 
Fresh bulk density 
Fresh bulk density 
of the doncrete used 
to make the mortar 
Total water content 
of the concrete used 
to make the mortar 
Bulk density 
Average values of the 
test specimens inserted 
into the hearaa- at an 
age of one day 
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of the large particle siaea these mortars match the concretes 
from which they were obtained by careful sifting of the fresh 
concrete on a screen with round holes measuring 5 vm in dia- 
meter mounted on a vibrating table* Gement grout residues and 
only a few fine pieces of aggregate adhered to the screening 
refuse particles. Accordingly j only the coarse aggregate 
(>5 mm)" portion (about 30-^1051 by weight of the aggregate in 
accordance with the grading curves in Pig, 1) and the cement 
paste adhering to the particles retained by the screen virere 
removed from the original concrete mixtures, The mortar ob- 
tained as undersise, given practically the same water/cement 
ratio* has different characteristic technical data than the 
original concrete mixture, bu't especially different aggregate/ 
cement ratio and a different bulk density (of, the bottom half 
of Table 4). yBy separating out the course particle portion, 
the geometric interrelationships of the individual components 
were changed, However, the properties of the mortar practically 
matched those of the matrix into which the course particles are 
imbedded, Por purposes of clearer distinction from the mortar 
mixtures made using quarts sand as the aggregate, the mortars 
obtained from the fresh concretes are hereafter referred to 
as matrix mortars. 

After screening, the matrix mortars were once again tho- 
roughly mixed and put into chronical PVC forms with a volume 
of 26 cm3. The 64 test specimens for each beam were compressed 
at the same time in a Jig attached to the vibrating table. 

After scraping and weighing, the test specimens were stored / 19 
at 25®C and almost lOOS relative humidity until being Inserted 
into the recesses provided for on the tops of the beams (of, 
section 2. 1.2, 1.1). 


2.1,1. 4. Cement Mortar and Cement Paste 

The cement stored in 40 airtight containers, each con- 
taining about IQQ kg, was sampled randomly by withdrawing three 
25-kg samples. In addition, a collective sample weighing 30 kg 
was made up by mixing samples from all of the containers. 

The cement of the random samples was used to make prisms 
measuring 4 cm x 4 cm x 16 cm out of cement mortar as per DIN 
1164, page 7 (33 ♦ These were also to be used to evaluate the 
uniformity of the properties of the cement. 

The cement of the collective sample was used to make 
prisms measuring 4 cm k',4 cm x 16 cm of cement paste with 
water /cement ratios between 0,2 and 0,55 in gradations of 
0,05, In so doing, the cement paste test specimens, up until 



t;h6 :?ox*ra8 wepe opened after 2^ hours, Vrere treatjed according 
to the s^ec3;;fJ:catlon5 of DXS* pag® 7 C33 and then 'stored 

until testing in a saturated calcium hydroxide solution* 


2»l.g* Exp^imant'aX Oonditions* Set-**u.n and Procedure 


2 « 1 *2, 1 i Experiment s oh the OOhcreta Seams 


2* 1« 2, 1* 1, Experimental Arrangement and Procedur e 

In view of the complex events connected with heat and 
moisture conduction in concrete, it seemed necessary to per- 
formsexperiments directly on large concrete objects, supple- 
menting these experiments— to the extent needed— by experi- 
ments on small test specimens. In planning the experimental 
program we proceeded from the premise that a cement wall, 
for example of a reactor vessel, Mth a wall thickness of 
t-5 meters is heated on one side, while the other side is 
exposed to normal room temperature. In approximating the 
actual geometric relationships. It Is possible, in order 
to study the conduction of heat and moisture, to analyze 
the events in a free cut, beam shaped object whose length /20 

corresponds to the wall thickness and the ends of which rep- 
resent parts of the wall surfaces. In the experiments de- 
scrived below, the beam length could not exceed 240 cm for 
technical reasons. The beam cross-section of 40 cm x 40 cm 
was made as large as possible in order to keep edge effects 
small which may perhaps adversely affect the phenomena. 

In the experimental setup for the beams, the following 
conditions had to be taken into account. The temperature of 
the concrete on the heated face should be 80®C and the tem- 
perature on the face exposed to passing air should be about 
20®0 with a relative humidity of around 45<6. So that, in 
analogy to the heated wallj heat and moisture were transported 
only from the inside to the outside, i.e, in the direction of 
the Hong axis of the beam, external effects had to be kept 
from impairing the temperature distribution and moisture 
distribution, i-^e. above all, measures had to be taken to 
prevent the loss of heat and moisture on the long sides of 
the beams. 


Diagrams of the experimental setup are shown in Fig, 3, 
The entire arrangement is located in an air-conditioned room 
with an air temperature of 2Q®c and ^5% relative humidity. 
With the exception of the free face, the concrete, beam is 
surrounded with a vapor seal made of copper sheets.O.g mm 
thick soldered together. These sheets are coated with epoxy 
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resin sprinkled with sharp quartz sand in order to achieve 
a tight bond between the vapor seal and concrete. 




Pig, 3» Schematic representation of the apparatus for studying 
heat and moisture conduotlon as well as the accompanying concrete 
properties of a concrete beam measuring 240 long, 40 cm x 40 cm 
in cross-section, heated on one face (80®C), with a vapor seal 
and heat insulation. Conditions on the free face; 20°C; ^ 5 % 

relative humidity. 


1, 40 cm X 40 cm X 240 cm concrete beam with measurement planes 
A to Q . 

Thermocouple 

Humidity measuring device 
Expansion transducer 

with a glass tube arranged along the long axis and a vapor 
seal next to the heated face and on the long sides, 

2, Thermal insulation layer, a total of 30 cm thick, made of 

rigid polyurethane foam and polystyrene foam with 

an outer casing, 

3, Heating plate, 4o cm x 40 cm, pressed against the Insulated 
beam by springs, 

4, Heat flux measuring plate, 40 cm x 40 cm, 

5, Counter-heating strips with adjustable resistors. 

6, Thermocouple for measuring temperature gradients, 

7, Neutron probe for measuring hiamldlty, 

8, Rule for measuring the length. 






mm 







A cast electric heating plate la next to the left 

face of the heani, I'his is guided over pins and pressed against 

the beam hy springs. Heat is applied to the concrete beams 
by this heating plate through a heat flux measurement plate, 
also measuring ^10 cm x 40 cm (of, section 2,2,2) and a 2-^mm 
thick soft copper equalization plate. The heating plate, which 
weighs about 20 kg and is provided with four separate heating 
circuits of 1,25 kVA each, is controlled through an electronic 
two-position controller by means of a contactor, in the process 

of which the desired value C80®G) on the surface of the concrete 

is measured with a thermocouple. The heating system and beam 
eire surrounded by 30 cm of thermal insulation, the innermost 
layer of which consists of rigid polyurethane foam, while poly- 
styrene foam was used for the outer layers. In order to pre- 
vent mechanical damage to the vapor seal during the pouring 
of the concrete, there is a 1-mm thick protective layer of 
hard P?C between the Vapor and thermal insulation on the 
bottom and long sides of the beam. 

Since in spite of the high thermal resistance of the 
insulating material used and in spite of the thiclcness of the 
insulation, heat losses through the long sides have to be taken 
into account, electric heating strips encircling the beam are 
positioned in the insulating layers at a distance of 20 cm from / 21 
the surface of the concrete. These consists of a 0,5-nim thick 
Constantan wire insulated with fiberglass and for more efficient 
giving off of heat they are placed in a folded sheet of copper 
2.5 cm wide. Their heat output can be adjusted by means of 
variable resistors attached to the outer beam casing so that 
no temperature gradients exist between the surface of the con- 
crete and the level of the heating strip. This compensation 
is monitored with termocouples , specifically by means of a 
copper“Constantan-copper element arranged between a heating 
strip and the surface of the concrete. The Joints of the 
element are 5 cm apart and its thermoelectric voltage difference 
with a uniform temperature in the cross-section (d Q/d b=0) 
gees to 0, 

The outer casing, which completely surrounds the structure 
and evposes only the free face tlirough a hole measuring about 
4l cm X 41 cm, is made of 25-^mm thick board sheets with alu- 
minum foil stuck to them or painted on both sides. The long 
sides of the sheets are reinforced with steel sections. The 
top of the outer casing can be unscrewed and is made in three 
separate parts. The undercarriage consists, of a gun-mount 
type, 2,-^xle support frame made of I-beams, The entire test 
assembly Cabout l6QQ0kg) can be lifted by the 4 axle ends for 
weighing, (also see Pig, 5), 
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Fig, 4, Concrete beam subdivided into sections by "measurement 
planes" Clabeled A to Qi and arrangement- of the "windows" Cla- 
beled 1 to 8 5 on the top of the beam* 

Key; A, Windows 

B, Measurement planes 

C, Distance from the heated face 


Fig, 4 shows the 240-em long beam without casing, thermal 
insulation and vapor seal. It is subdivided by "measurement 
planes” into l?f sections which are identified by the adjacent 
planes 0/A, A/B, to Q/X and by the increasing distance 
from the heated face. Section Q/A is 7 cm thick, Q/X 8 cm 
thick and all of the other sections are 15 cm thick. The 
wire grids Cpolyester-coated wire mesh with a mesh size of 
50 mm and 2“ram thick wire) arranged in the measurement planes 
are used on the one hand for anchoring the measurement devices 
and their feed lines, and on the other hand they Indicate the 
fracture planes when the concrete beams are split after the end 
oftthe experiment Ccf, section 2,1,}, On the top side of the 
beam there are two "windows" in the vapor seal and the thermal 
insulation which, after the casing lid has been removed,, per-* 
mlt access to the 8 test specimens, arranged on conical recesses, 
for studying the structural development on the matrix mortar 
Ccf. section 3*3.1. Windows 1, 2 and 3 are sealed with steel 
plates and a* silicon rubber gasket pressed between the steel 
plate and the yapor se^l.„ jn the case of windows 4^8, a 
copper foil is mounted oyer the window opening onto the vapor 
seal, with a 3'^om wide ban<^ of gasket material stuck to both 
sides, and pressed tight by the thermal insulation, 

The glass tube Cinside diameter 4l mm, walU -thickness 2,3 
mml placed along the central longitudinal axis of the beam is 
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Pig. 5. Arrangement of the thermocouples, humidity measuring 
devices and expansion transducer in the measurement planes , 
formed by grids, for the concrete beams (measurement planes 
A to Q in increasing distance from the heated 

face). 


Key; A, Legend 

B. Node line 
column 5 

C, Thermocouple at 
node ^5 

D, Humidity measuring 
device between nodes 
i|2 and 53 

E. Expansion transducer 
between nodes ^6 and 
57 

P, Measurement plane 
(grid ) 

G. Measurement plane 
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H, Thermocouples 

I, Humidity measuring device 

J, Expansion transducer 

K, Arrangement in the 
measurement planes 
(grid) 

L, 0, two thermocouples 
for control purposes 
in the origin of the 
beam 
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sealed off at the end towards the hot face of the beam and 
contains a wooden rod covered with foam material which pre- 
vents the transport of heat within the tube by convection and 
Is removed to make the measurements In question. 


Pig, 3 and Pig, 5 show the arrangement of the measuring 
elements and measuring apparatus In the beam. 


2, 1.2. 1.2, Procedure 


In keeping with the object of the experiments. It was 
necessary to prepare 6 test setups like that shown In Pig. 3* 
Three of these were used for the experiments on concretes 
with calclte aggregate (beams 1, 2, 3) and three for the tests 
on concrete with gravel-sand aggregate (beams ^1, 5, 6), as 
already explained In section 2.1,1. 


Por pouring the concrete, a sheet of metal reinforced 
with a wooden plate and two U-beams was attached In each case 
to the "cold" beam faces which would later be exposed to the 
air. This sheet of metal was sealed at the edges and also 
around the hole for the glass tube to prevent moisture from 
escaping. In addition, the test setup was open on topj (Pig, 
6). The top portion of the vapor seal, provided with sealed 
window openings, was placed on the compressed concrete and 
sealed at the edges. The upper layers of thermal Insulation 
were put In place on the third day after the concrete was 
poured and In so doing the counter-heating strips were united 
by a plug connection and the lid was screwed on. 



* 




Pig, 6, View of the structures for studying the concrete beams. 
The left unit Is open on top and the face plate Is not attached. 
Measurement wires can be seen coming out of the front of the 
unit and the heating strips placed through the side wall material. 







®h.e conepete for the beams 4nd for the 

accompanying test specimens was poured 3(n each case in 
GneT'weeIc intervals. For operational reasons, the' making of 
beams 1, 2 and 3 and 4, 5 and S had to be separated by a 
space of about two months, 9?o this extent, the age of the 
concrete of the two groups differed. Up to the 28th day 
after podning^ because of the seal provided on all sides 
by the vapor seal and the metal sheet on the open face, 
the beams could not give o^^ any moisture to the air flow-^ 
ihg around the test apparatus. On the 28th day, the "cold" 
face was exposed and heating was begun. To begin with, 
the heating strips were regulatM every 12 hours on the 
basis of temperature difference measurements in the thermal 
insulation, and later every 24 hours, and since only slight 
changes occurred, after about 35 days of heating these could 
be regulated at intervals of several days. 

In view of the external experimental conditions, two 
periods accordingly have to be distinguished with regard to 
the measurements made on the beams, namely the period up to 
the start of heating on the 28th day and the following period 
characterised by the heating, For various reasons, it was 
not possible to begin all of the measurements immediately 
after the concrete was poured. Details on the measurement 
methods used and how the measurements were performed are 
explained in section 2,2, 


2 . 1 . 2 . 2 . Experiments on Test Specimens 


-Matrix Mortar Test Specimens^ 

Since the concrete used to make the beams during the 
duration of the experiment could not be used for direct analysis 
of the structural development as well as other properties, tests- 
had to be done on separately produced test specimens, 

For studying the content of non-evaporatable water, total 
porosity and pore size distribution Ccf, sections 2. 3, 1-2. 3. 3) 
the matrix mortar provided— as already mentioned in section 
2.1,1— was obtained by sifting the fresh concretes of the beams 
using a screen with round holes measuring 5 mm in diameter. 

The mortar was poured Into conical PVC forms, cured for about 
20 hours at 25®C and approximately lOQjS relative humidity and 
then removed from the mold and inserted into the matching re- 
cesses in the besms accessible through the windows. In this 
arrangement the side surfaces of the test specimens were in 
contact wiitjh the surrounding concrete and there was an air 
space about 1-2 mm wide only next to the top surfaces. The 
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Pig. 7. Coordination of sample-taking points (windows 1-8), 
age increments (3-^70 days) and the type of test performed on 
the matrix mortar test specimens arrange in beams 1-6, 


Key: A, Age in days 

B, Beam*' number 

C, For testing 

D, Pore radius distribution 

E, Evaporatable and non-evaporatable water 

F, Bulk density and net density 


-Concrete Cubes- 


The development of strength is a reflection of the hard- 
ening processes in the cement paste. Therefore, compressive 
strength tests, for example, also provide information on 
structural development (cf, section 2,3.^,). The conditions 
given as a result of the thermal load in the beam experiments 
however, could not be satisfactorily simulated by curing a 
larger number of sample cubes, since definite temperature and 
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test specimens of the matrix mortar were thus exposed to 
approximately the same conditions prevailing in the beam 
concrete, conditions characterlaed by the respective local 
temperature and by the moisture content in equilibrium with 
the surrounding concrete. As shown in the chart in Pig. ?, 
the test specimens were generally removed in pairs from win- 
dows 1-8, weighed, prepared and analyzed. Without taking 
into account the number of samples for the windows of a 
beam and the individual age gradations, this chart Indicates 
the type of test done in each case. 
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moisturet ststtee charig3:fig tlitie would con-' 

sldBrablo ex|»erise fop mal tliem. Apart from -bhls, even 

±n tliese experiments the results of thh compressive strength 
tests on test cuhes can be used only for comparison with the 
actual strength of the heam concr et e * further inf luehces on 
the properties of the beam concrete^, however, are possible 
only within limits because of different production and hard- 
ening conditions* Por these reasons, the only conditions 
provided for from the outset were curing at 20® 0 and approxi- 
mately 100? relative humidity and also at 20®C and ^5? relative 
humidity, where in both cases the test specimens were treated 
up to an age of seven days innaooordance with PIN ip48 1123* 

For each beam, i.e, each type of concrete, 12 sets of 
three cubes measuring IQ cm on a side and six sets of cubes 
measuring 20 cm on a side were prepared during the making of 
the concrete for compressive strength tests Ca total of 54 
cubes per beam). Of the cubes measuring 10 cm on a side, one 
set was tested with an age of three days and another with an 
age of seven days. In addiftion, out of five sets for each type 
of curing, one set was provided for testing on the 28th, 90th, 
l8Qth, 3oQth and final day of the experiment. Out of three 
sets of 10 cm cubes for each type of curing, it was intended 
to test one set on the 28th, l8Qth and final day of the ex- 
periment. 


-Concrete Cylinders- 

10 investigate thermal expansion behavior as well as 
shrinkage and swelling, two test specimens were produced for 
each type of concrete Cbearas 1-6) in cylindrical, v'vapor tight, 
thinwalled sheet metal containers with a diameter of about 
100 mm and a length of about 227*5 mm. The curing conditions 
and the treatment of the test specimens are explained in seo- 
tion 2,4.1. in conjunction with how the measurements were 
performed, 

-Cement Hortar and Cement faste frisms- 

Prisms measuring 4 cm x 4 om x 16 cm were used to study 
the structural development of the cement paste and the strength 
development of cement mortar, but also especially for evaluating 
the uniformity of the cement used, The making of the test 
specimens is described in secticn 2, 1,1, 4, 

The cement mortar test specimens were cured in accordance 
with DIN 1164, page 7 133 « Altogether, 8 sets of three prisms 
each were alfail able ? for the flexural tension strength and com- 
pressive strength tests at different ages. 


AIX or the cement paste prims, oS* which there was 
one ror each water/cement ratio an<i each age incr'ment , were 
stored in a saturated calcium hydroxide solution until the 
flexural tensile s^trength test and the compressive strength 
test* !the prisms remaining after the tests were used'-* -to 
the extent required— as test material for the porosity tests 
and the dehydration experiments , 


2 . 2* Measurements on the Concrete Beams 


2*2*1. Temperature 


2*2 *1.1* Measurement Method* Arrangement and Procedure 

NiCr-Constantan thermocouples with a relative differential 
thermoelectric voltage of 0.059 mV/°C were used to measure the 
temperature differences. The thermoelectric wires used to make 
the thermocouples were insulated separately and together with 
PVC and were from one production batch. The ends of the thermo- 
swivels were welded in protective gas and covered with epoxy 
resin to protect against corrosion. The dependence of the 
thermoelectric voltage on thee change in temperature was de- 
termined in increments of 10°C between 10 and 90®C, with a 
reference temperature of 0®C, by the Physikalisch— Technischen 
Bundesanstalt CPTB) tPhysical-Technical Federal InstituteH in 
Braunschweig (measurement uncertainty: 2i0,010 mV=jO,2°C). 

The reference points of the thei’mocouples were placet, in 
glass tubes filled with quarts sand which were immersed in 
temperature-controlled bath (0±0.05°C) for the measurement. 

The total of 94 thermocouples arranged inbthe raeasurtsment 
planes of a beam as shoim in Fig. 5 (also see Fig, 8) were 
combined into four 50-termlnal plug connections behind the 
comparison points and connected to a 24-channel potentiometric 
recorder for the measurement. Thus it was possible to record / 24 

temperatures at certain measurement points over longer periods 
and also individually interrogate all of the measurement points. 


2. 2. 1.2. Measurement Results 

For all of the beams studied, the temperatures measured 
undex* the effect of the heet of hydretion of the cement lay 
within the range shown in Fig, 9 as a function of the age of 
the concrete. The reference point for the beginning of this 
range is the end of the pouring procedures in each case. For 
the temperature rise in the beams, a crucial factor was, above 
all , that the thermal insulation on the top of the beams was 
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not applied in each dase until after three days in order to 
keep the concrete from overheating. Insofar as this is 
concerned, typical temperature developments were not to be 
expected for the individual concrete beams. As Fig. 9 shows 
on the 28th day all of the measurement points in the concrete 
had again reached temperatures between about 20 and 22. 5® C. 





Fig. 9. Limit values for the temperatures of the concrete 
caused by heat of hydration after the pouring of beams 1-6, 

Key: A. Temperature 

B. Age in hours 

C. Maximum values 

D. Minimum values 


Mth the start of heating on the 28th day, the temperatures 
in the concrete beams again rose, The differences between the 
temperatures measured at the different points within one beam 
section was small. For the measurement planes in the hot re- 
gion of the beams, obviously the least favorable in this respect 
the temperatures deviated around the mean value by a maximum 
o'f about ±0,75?C, as Fig, 10 shows. The measurement points 
located in the lower region of the beam showed higher tempera- 
tures in some cases with respect to the other measurement 
points. Apart from this tendency, which presumably is due 
to the effect of gravity oh the moisture distribution in the 
beam cross-section 166] , systematic differences ;<ere not de- 
tected, so that it seems justified to form mean temperature 
values for the individual measurement planes. Figs, 11 and 12 
show the mean temperature values for measurement planes 6-Q 
as a function of the age of the beam concretes, beginning with 
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the 28th day. Pig. 13 shows temperature distribtulons for 
different ages of conetete as a function of the beam length 
and al&o their differences as a function of the water/cemfent 
ratio of the concrete. 
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Fig. 10. Examples of the changes in temperature distribution 
within the beam cross-section Cmeasurement plane A) during the 
heating phase up to the 52nd day and for greater ages (measure 
ment plane A) for beams 4 and 6. 


Key; A. Temperature 

B. Beam 

C. Measurement plane 

D. Thermocouples 






Fig, 12, Mean- temperature values 
In measurement planes 6-Q as a 
function of age for beams 5 
and 6 (concrete with gravel-sand 
aggregate) , 

C, Age in days 

D, Start of heating 


Fig, 11, Mean temperature values 
in measurement planes 6-Q as a 
function of age for beams 1, 2 
and 3 (concrete with calcite 
aggregate) , 

Key; A, Temperature 
B, Beam 
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Fig, 13* Left; temperature distribution over beam length 
for various age Increments; right; temperatures as a function 
of the water/cement ratio of the concretes for certain dis- 
tances from the heated face and for different age Increments, 


A. Temperature 

B. Calclte concretes 

C. Beam 

D. Gravel-sand concretes 

E. Days 

P. Distance from the heated 
face In cm 

Q. Water/cement ratio 
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2.?, 2. Heat Flux 


2. 2. 2.1. Measurement Method. Arrangement and Procedure 


The method used to measure the heat flux density on the 
heated face of the beam (cf. Fig. 3) Is based on the equations 
for heat conduction through solids discussed In section 2.5.** 
[67, 68]. Heat flux measurement plates were used to perform 
the measurement, these contained a large number of thermo- 
couples distributed over the thickness of the plate and 
connected in series. The temperature difference occurring 
during the conduction of heat Is measured as the thermal 
stress proportional to the heat flux density. The propor- 
tionality factor is the thermal conductivity of the measure- 
ment plate (see Eq. (6) In section 2.5.^.). 

The five heat flux measurement plates, measuring ^0 cm x 
40 cm X 0.6 cm, were calibrated In a plate device as per DIN 
52 6l2 [ 7 ] for temperatures between 0 and 100°C in 20®C In- 
crements. In the range In question, the relationship between 
the mean temperature of the measurement plate and the heat 
flux density with respect to the voltage was approximately 
linear for all of the measurement plates. The sensitivity 
was between about 8,6 and 7,0 W/m^ mV, 


The plates were arranged between the heating plate and 
concrete In beams 1-5, with a sheet of soft copper 2 ram thick 
between the measurement plate and concrete for better heat 
conduction. A 12-channel potentiometric recorder was used 
to measure the thermoelectric voltages, so that the heat 
flux density on the heated face could be measured simultaneously 
with the temperatures In the beam. 
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2. 2. 2. 2. Measurement Results 


In the evaluation, the heat flux densities were calculated 
using the voltages measured, taking into account the average 
temperatures of the measurement plates. In Pig. IM , the heat 
flux densities for beams 1-5 are plotted as a function of the 
age of the concrete. The values measured on the beams immediately 
after the start of heating (these are not shown in the graph) 
were around 900 W/m^, During the heating and also afterwards, 
the measured values deviated by about ±0,5 mV (corresponding 
to about ^ W/m2), which was basically due to the control fluc- 
tuations of the heating plate and therefore were not taken 
into account in the evaluation. 


Pig. 1^. Changes in the heat flux density as a function of the 
age of the concrete after the start of heating on the 28th day 
for beams 1-5, 


Key; A, Heat flux density 

B. Beam 

C. Age in days 
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2, 2 « 3.0. g6lect3;otf of the Measurement MetlioAs 

Measuring the moisture in concrete poses considerable 
difficulties, in particular when the influence of temperature 
is a factor and when the measurements have to be performed 
over a long period. In view of the scope of the study, be- 
sides measurement reproducibility questions and long-term 
stability problesm, we also had to take into consideration 
the technical resources and expenses involved by the measure- 
ment methods in question. 

The final decision as^ to which methdds should be used 
for iSnhklng the measurements was made on the basis of results 
of a survey on methods of measuring moisture in porous materials 
[693 carried out Jointly with RILEM^f among relevant scientific 
institutes. This survey revealed that, because of the specific 
measurement ranges and the calibration possibilities, it would 
be better to use several complimentary methods together with 
the gravimetric method, as a calibrating method, with which 
the moisture content is determined by drying and weighing. 

Therefore, for measuring the moisture content of the con- 
crete beams, the following methods were provided for in addition 
to the weighing process desdribed in section 2, 2, 3. 2 below, 
which measures the sum of all of the changes in moisture content 
as weight losses of the beams: 

the measurement of electrical conductivity in reference 
specimens (section 2. 2, 3*3.) which allows changes in the con- 
tent of evaporatable water to be measured within a certain 
range ; 

- the neutron backscattering method (section 2.2,3»^.)» 
with which the sura of evaporatable and non-evaporatable water 
is measured j 

- the gravimetric method (section 2,2,5.), by means of 
which, after the conclusion of the experiments and after the 
splitting of beams 3 and 6, samples of the beam concrete are 

f ■ ' 
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stmlyze4 j?Q3? the±r content of evapor stable and non-evaporatable 

■waten. 

The first two methods complement one another in that 
by forming the difference between the total water content and 
the content of non^vaporatable water, the amount of evapora- 
table water can be calculated, The gravimetric method salso 
shrves the purpose of a control method. 


2, 2, 3,1, weighing Method for Determining the Weight Losses / 29 


2, 2, 3, 1,1. Measurement Method, Arrangement and Procedure 

After removing the fronttplate of the outer casing for 
the start of heating on the 28th day, the beams were able to 
release moisture from this esposed end. Initially, the moisture 
loss is determined for the most part by the external drying 
conditions and as the heating progresses it is increasingly 
dependent on the amount of moisture transported through the 
pore space towards the drying front. Since the weight losses 
of the beam, which is sealed on all sides with the exception 
of the exposed front face, are therefore causally explained 
by the events controlling the drying process, it was necessary 
to directly measure the changes in beam weight as a function 
of time. 

To this end, the entire experimental apparatus was lifted 
and weighed Ccf, section 2, 1,2, 1.1.), Figs, 5 and 13 [sic.] 
show the supporting I-beam resting on three supports which 
spans the teat apparatus. The lifting and weighing apparatus 
CFig. 15) consists of 2 counterrotating shafts with trapezoidal 
threads in a manually operated threaded sleeve which is connected 
by flexible couplings to a "travelling crab" and to a load cell. 
The weighing beam mounted on the lid of the casing (when the 
testaapparatus is closed! hang from cables from the lower swivel 
ring of the load cell. For weighing, we used an electrical 
load cell with wire strain gauges in a full bfidge circuit for 
compressive and tensile force up to 2Q kN, accuracy category 
0.1, with a sensitivity of 2 mV/V. This was operated using a 
manual, high-accuracy potentiometers (measurement rage 100,000 
scale divisions correspond to 5 mV/7) as the measuring device. 

In a test of the measuring apparatus in a precision load 
machine unit at a temperature of 20®C, the evaluation constant, 
for the range between 15 and 17 kN, was determined at One scale 
division corresponds to 0,4895 N, 
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Pig. 15. Frontal view of an experimental set-up without casing 
before the concrete is poured showing the apparatus for measuring 
weight losses by means of an electrical load cell flexibly in- 
serted between the supporting beam plus spindle-type lifting 
device and the weighing beam* 


2, 2, 3. 1.2, Measurement Results 


Weighing the beams revealed that up to the 28th day there 
were, as expected, no changes in weight. For the subsequent 
weighings, the value measured on the 28th day immediately before 
the start of heating was used as a reference. Based on this 
value, the weight changes were calculated in each case as the 
difference with respect to the preceding weighing and added to 
the total weight loss. Fig, 16 shows the weight losses of 
the beams due to the release of moisture through the exposed 
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Pig. 16. Weight losses of beams 1, 2 and 3 and of 4 
plotted as a function of the age of the concretes. 

Key: A, Weight loss C, Beam 

B. Start of heating D. Age In days 
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front face as a function of the age of the concrete. Each 
plotted value was formed by taking the average of at least 
three separate measurements. 

Based on the spread of the Individual measurements, a 
confidence range E8l] of t*s / i/IT = ±0,044 kg was calculated 
for the mean values with a statistical certainty of 95?. 


2, 2. 3. 2, Moisture Measuring Elements 


2, 2, 3. 2,1, Measurement Method, Arrangement and Procedure 

The method of measuring changes in moisture content based 
on the change in electrical conductivity has been used for a 
rather long time with variablessuccess, [69, 70], It is based 
on the fact that the conductivity of a reference material is 
changed by the water penetrating into its pores. Measurements 
are made between electrodes in the form of wires or even hollow 
cylinders [46], In order to prevent the formation of an opposing 
field produced by polarization on the electrodes, alternating 
current is generally used fori making the measurement. For 
tests on concrete, reference samples of plaster, cement mortar, 
fiberglass and ceramic were used, but in this connection the 
conditions arising in concrete were considered differently. / 30 
These conditions are the influence of ion concentration in the 
pore solution on conductivity as well as the variable contact 
resistances between electrode and reference material. 

With the method described by K, Altmann [71, 72], it seemed 
possible, on the basis of preliminary experiments, to fulfill the 
special requirements of the measurement task. The cylindrical 
moisture (diameter 20 mm, length 20 ram) used by him consists of 
a ceramic material fired at about 1100® C containing platinum 
electrodes (cf. Fig, 17), By virtue of the manufacturing process 
and the raw material used, the ceramic piece has a relatively 
uniform structure with predominantly small pores which are 
suitable for "excluding the influence of uncontrollable^changes 
in salt content, which also amount tb and additional, undesirable 
change in resistance" [72], Since the electrodes are burned in, 
it is also necessary to take into account constant contact re- 
sistances between the electrodes and reference material. 

During the peri^irainary experiment it turned out that the 
measurement expense can be kept relatively small. The voltage 
used was 11 volts a.c., 50 Hz, and a commercial a,c, stabilizer 
was connected in series. The measurement device for the current 
measurements was a digital multimeter with a nA range and a 
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Pig. 17 . View of a moisture measuring element (length ca. 2 cm, 
diameter ca. 2 cm) as designed by K. Altmann, with measurement 
wires fed in separately. 

resolution of 10 pA in the most sensitive range. The making of 
the elements was contracted out, and it was stipulated that 
all of the elements should come from one lot. They were de- 
livered without connection terminals and without a metal 
Jacket so that the uniformity of the elements could be evalu- 
ated on the basis of current measurements in the dry and 
water-saturated state as well as by means of water uptake 
values and the dry bulk density. 

The wiring originally Intended, with which the two measure- 
ment wires were shielded and run as a pair on the bottom of 
the beam inside the copper casing, had to be changed. It turned 
out that because of the high temperatures in the hot region 
of the beam, moisture evidently penetrated Into the PVC insula- 
tion which caused measurement errors due to bridging between 








m 





the conductors. To prevent this, the shielded connections 
wires were connected separately to the electrode j the pro- 
tective insixlation was countersunk in a hole drilled in the 
measurement element and the two wires were separated from 
one antther and led out of the cross-section of the beam. 
Fig. 17 shows one of the ready-to-install elements with 
protective insulation over the two electrode connections. 



Each beam was fitted with a total of 24 moisture measuring 
elements. These could be connected into the measuring circuits 
by means of plug contacts. Their placement in the beam is 
shown in Pigs. 5 and 8. Taking into Account the influence 
of temperature, the moisture content is determined from, the 
current intensity measurements made on the beam. For setting 
up a suitable evaluation nomogram, eight representative ele- 
ments were selected from the 180 measurement elements available. 

In this connection, the current intensities, which lay between 
approximately 20 and 100 nA or 2 and 8 mA, measured on all of 
the elements after drying at 1Q5°C as well as after saturation 
with distilled water^^ were used as the cMterion, As described 
above, the eight measuring elements were provided with connec- 
ting wires and, in the water-saturated state, put into rigid 
steel containers with a vapor-tight screw-on lid and a volume 
of about 135 cm3. Pour containers were provided for the mea- 
surements in calcite concrete, and four for those in gravel- 
sand concrete corresponding to the composition of beams 2 and 
5 respectively. After the concrete was poured, the closed 
steel containers were stored for 28 days at 20°C, Then they 
were kept for 72 hours in a warming cupboard at a temperature 
of 80°C and afterwards cooled to 2Q.®C in 12°C-increments held 
in each case for 48 hours.. At each temperature stage, several 
current intensity measurements were made. After the lid was /32 
unscrewed, the moisture was removed from: the concrete in a 
vacuum of about 1Q"“-*- torr at a temperature of 50°C. This was 
followed by another temperature cycle like the one described 
above . 


Altogether, six drying stages were necessary to remove 
the evaporatable water from the donerete in the steel con- 
tainers, The last drying process was carried out under at- 
mospheric pressure at a temperature of 1Q5°C; 

The data required for the nomograms are shown in Fig, 18, 
using four measurement elements as an example. The results 
are shown as a relationship between the lograthmically plotted 
current intensity and temperature for constant moisture con- 
tents Cthe final two drying stages are not shown on the graphs). 
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Pig. l8. Relationship between current intensity (i) and tem- 
perature (6) with constant concentrations of evaporatable water 
for h different measurement elements in eylindrical concrete 
test specimens (conductivity measurement method developed by 
K. Altmann). 

Key: A, Current intensity 

B. Temperature 


For mean moisture concentrations, all of the measurement ele- 
ments yielded straight lines which run approximately parallel 
to one another and differ*' only in absolute values. At high 
moisture concentrations, in the range of saturation con- 
centrations, a current Intensity limit value is to be expected 
which is reached all the sooner, the higher the temperature. 
The curves are similar for low moisture concentrations, how- 
ever with decreasing temperature they tend towards a limit 
value , 





V Fig. 19 shows the evaluation nomogram based on these tests 
It Is plotted for the temperature parameter and it is valid for 
the range of about ^5-135 g water/dra3 of concrete, and, to be 
sure. Independent of the type of concrete tested. 
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Pig. 19. Relationship between current intensity and the con- 
centration of evaporatable water in concrete at temperatures 
between 20 and 80°C, Evaluation nomogram for the moisture 
measuring elements!' Cconductlvity measurement method developed 
by K, Altmann), 


Key; A. Current intensity 

B. Concentration of evaporatable water 
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A comparison with the values given bjr Altmann I73il does 
hot reveal basic differences if we disregard the gre&ter uni- 
formity of the measurement elements used by him. It may be 
worthy of note, however, that a higher current Intensity or 
resistance range corresponds to an approximately id&ntical 
moisture measurement range, which indicates differences in 
the pore structure of the ceramic material. Finally, it 
should be pointed out that in the measurements on the beams, 
as a i*ule decreasing moisture concentrations and only slight 
increases in the moisture concentrations, d,g, in the middle 
of the beam, are to be expected, so that hysteresis effects 
of the measurement Slaments— if they exist at all— -are in- 
significant , 


2. 2, 3,3, 2. Measurement Results 


/33 


In Fig, 20 the originally measured current intensities 
are platted aa a function of the age of the concrete for several 
elemfents in characteristic measurement planes of beam for 
the sake of clarity, the measurement polnics themselves are not 
indicated. The information on the right of the graph gives the 
distances of the planes from the hot end of the beam as well 
as the ranges of the measurement plane temperatures after the 
end of the end of the heating phase. Up to the start of heating 
on the 28th day, all of the measurement elements show a similar 
behavior. The drop in current intensity up to the 28th day 
is caused mainly by the coifiling of the concrete (compare Mth 
this the graph of temperatures after the concrete was poured. 
Fig. 9), buttto a smaller extent it is also caused by the 
removal of evaporatable water as a result of hydration. 

Although all of the measurement elements on the 28th day 
had to show approxlamtely the same moisture concentrations on 
the order of 100 g/dm3 (beam 4), current intensities differing 
from one another between five and 15 mA were measured. In 
the subsequent heating phase, the measurements show the ex- 
pected influence of temperature, depending on the position 
of the element in the beam. In the case of the element in 
measurement plane A, the temperature effect is evidently super- 
imposed by the already advanced drying effect, which cannot be 
the ease for planes C, D, vl, F and H within about 30 days after 
the start of heating, Rather in these planes, the moisture on 
the hot side '‘pushed'* by the heating must be taken up or trans- 
ported, Similar considerations, however taking into considera- 
tion the smaller Jump in temperature in comparison with the 
start of heating, also apply for levels N, 0, and Q. 
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Pig. 20. Current intensities measured as a function of age with 
the moisture measuring elements in planes D,C, A, Q, H, F, N, 0 
and Q. 

Key: A. Current intensity 

B. Start of heating 

C. Age in days 
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On the whole, it was possibel to infer from the current 
intensity changes as a function, as shown in Fig. 20 for beam 
that the elements inserted in the beam also persumably have 
small differences in the pore structure of the ceramic body, 
which leads to deviations in the absolute values, but does 
not have any practical effect on the measurement characteristics. 
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Thus for the evaluation based on the nomogram shovm in Pig« 

19, after smoothing the curves, only the relative changes 
of the current intensities measurements were used, related 
to the respective mean concentration of evaporatable water 
at ant age of 28 days. 

Only a few elements failed, Their unstable behavlor-r; 
could be easily recognized by means of jump'-like changes in 
the measured values. As already mentioned, however, most of 
the elements used in the higher temperature ranges of beams 
1-3 could no longer be used for evaluation purposes due to 
the moisture which had penetrated into the connecting lines. 

The dotted-line curves in Pigs, A1 through 12 in the 
appendix show the changes in the concentration of evaporatable 
water (moisture content in % by volume) as a function of age 
for the most important measurement planes of beams 1-6, The 
measurement planes are identified on the right of the graph 
with parentheses and the letter for the plane, and also in- 
dicated here is the distance from the heated face of the 
beam. 


2, 2. 3. 3 Neutron Probel 


2, 2, 3. 3.1. Measurement Method, Arrangement and Procedure 


This measurement method is based on the breaking effect 
for fast neutrons ®>1 MeV) by hydrogen nuclei. If a fast 
neutron produced by a nuclear reaction ( (a, n) - reaction) 
of a radioactive neutron source fantimonv-bervlllum. IS^Sh-Be; 


Of a radioactive neutron source (antimony-beryllium, •‘•*=^Sb-Bej 
amoricium-baryllium, etc,) on its way through the 

concrete strikes hydrogen nuclei, then it loses energy during 
these impacts until it possesses only thermal energy («0,025 
eV), With a constant neutron flux, the count rate measured 
by a detector which records only thermal neutrons is pro- 
portional to the hydrogen concentration in the concrete and 
thus a measure of the water content. The principles of the 
method, based on nuclear physics, are explained in detail 
in the literature E7^, 75], so that here we need only dis- 
cuss the important details of the method used. 

To be sure, because of their mass which is about equivalent 
to that of a neutron, hydrogen nuclei primarily take part in 
the conversion of energy through elastic impacts, since heavy 
nuclei backscatter almost without loss [ 76 ], On the other 
hand, however, the influence of heavy nuclei can also be 
detected in neutron brakine [77], In this connection. 







besides the influence of density, particular^lattention must 
also be paid to the fact that the scattering of hydrogen 
nuclei occurs in the forward direction, while heavy nuclei 
are uniformly scattered in all directions, which leads to 
the dispersion of the neutrons. To this extent, the measured 
effect is also a function of the chemical composition as well 
as the density of the material in question* 

A cloud of neutrons is formed around the emitter. This 
cloud decreases in density as the distance from the source 
increases. If there is a high concentration of hydrogen 
atoms, then the thermal neutrons are concentrated close to 
the source and the region measured is amall. With a small 
hydrogen concentration, the sphere of influence is larger 
C78]. 


Other factors are the geometrical conditions, i.e. the 
size and shape of the material in question, as well as effects 
of adjacent mediums and also the special characteristics of the 
measurement apparatus with regard to which a distinction must 
be made between transmission beam methods and backscatterlng 
methods. In the first ease, the material to be measured is 
placed between the emitter and detector, and in the second 
ease the emitter and detector are ai*ranged in one unit, e.g, 
in the form of a so-called immersion probe ("neutron probe”). 

In this connection, it is also worth mentioning that the 
braking effect is hardly affected by temperature which, to 
be sure, may not automatically be assumed for the electrical 
measuring portions of a neutron probe directly exposed to 
the influence of temperature. 

Neutron probes have been used successfully for some time 
now, e.g. for moisture and density measurements in soils [75]. 
For the task at hand, a transmission beam method seemed un- 
suitable, because the vapor seal, themal insulation and outer 
casing would have impaired lateral access to the concrete ob- 
ject, Since the concrete was only accessible from the exposed 
face, the opportunity offered itself for using a neutron probe 
for the measurements which could be moved back and forth in 
a glass tube arranged the long axis of the beam and sealed on 
the heated end (Figs, 3, 8 and 15), 

So as to have as little effect as possible on the measure- 
ments, the tube was made of glass, which, for example, in com- 
parison with steel has a smaller braking effect with respect 
to penetrating neutrons [75], The arrangement has the advantage 
that the geometrical conditions in a beam from one measurement 



to the next are identical and that the chemical composition 
and structure of the concrete measured are always the same 
with respect totthe. line of measurement (long axis of the e 
beam) if we disregard the changes caused by advancing maturity. 

Based on preliminary measurements oh containers with 
quartz sand of different moisture content and concrete sped- 
menSs(40 cm x 40 cm x 70 cm) the conditions for the probe to 
be used on the test beams were determined with a probe con- 
structed in the Federal Institute (1 Cl Am-Be neutron sotirce 
with a borontrlfluorlde countertube); 

a) The radiation source should have as homogeneous as 
possible neutron energy distribution j 

b) Since the emitter and detector are theoretically supposed 
to be arranged at one point, only a small scintillation counter 
could be considered for the detector which, in addition, has 
considerable advantages over a BP 3 countertube with respect 

to the counting accuracy. 

c) The incidence of neutrons in the detector was restricted 
by Cd apertures in order to obtain the greatest possible reso- 
lution. 

d) The diameter of the rod-shaped probe should be as small 
as possible. 

The probe ordered to be* constructed to meet the requirements 
has the following specifications; 

Radiation source; ^^^Am-B 

Activity 1 Cl 

Neutron yield 5*10^ n/s 

Half-life 458 years 

Scintillation counter; Li glass. 

The 36 nun diameter of the probe was determined by the 
dimensions of the preamplifier. 

Pig. 21 shows the complete test set-up developed for auto- 
matic operation. The probe, which is carried on a cam rod 
(in front of the exposed face of the beam) is moved from mea- 
surement point to measurement point through the glass tube in 
the beam by an advancing device controlled by means of light 
barriers. The measured values are given out by a printer in 
the form of counting rates (pulses per minute). In each case. 
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they are correlated with a specified measuring point in the 
beam by means of the arrangement of the cam on the guide 
rod. The smallesttprogrammable distance between measurement 
points or cam settings is 15 mm. 


Fig. 21. A neutron Hprobe carried on a cam rod with measurement 
recording, control and advancing equipment for automatically re 
cording total water content concentration profiles along the 
long axis of the beam. 


' In the experiment for setting up the calibration curve, / 36 
It was assumed that for normal concretes a linear relationship 
could be expected over a broad range of moisture concentration 
[74, 75* 79]. In the region of lower water concentrations, 
where the density distribution 3f the thermal neutron in the 
vicinity of the radiation source is decreased and the sphere 
of influence increased a deviation from the straight line would 
indeed be conceivable, but witii complete drying of the concretes 
a concentration of non-evaporatable water of at least k~6% by 
volume is still to be expected as a minimum value, whereby the 
sphere of influence still lies approximately within the cross- 
section of the beam. 


It was revealed already in preliminary experiments, and also 
later, that calibration curves which were determined for sands 
containing varying amounts of water are unsuitable as a reference 
for measurements on concrete because of the density difference. 
Therefore, the counting rates measured up to the 28th day over 
the length of the beam were averaged and correlated with the 
water doncentratlons of the fresh concretes compressed in the 
experimental set-ups. For beams 4,5 and 6 we obtained the 





curve labelled II in Fig. 22, which runs parallel to curve III 
for beams 2 and 3, To be sure, the value for beam I lay In 
the Immediate vicinity, but not on any of the curves shown, 
which Is evidently due to the ladk of compaction for beam 

1 . 
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Fig. 22, Relationship between the neutron measurement rate (R) 
and the total water content (w) for (I) a mixture of quartz sand 
and ammonium alumj (II) concrete with the gravel-sand aggregate 
of beams 5 and 6 (with w=0. 003*11, R=37.1) and (III) concrete 
with the calclte aggregate of beams 2 and 3, 


Neutron measurement rate 
Total water content 
Mean values for beams l-3/*l-6 
before the start of heating 
Individual values for beams 
3 and 6 after the beams are split 
Individual values of the quarts sand 
/ ammonium alum mixture 


At first, no reference values could be determined for the lower 
portion of the measurement region. This was only possible after 
beams 3 and 6 were split and the gravimetric ally determined 
water concentrations were available for the edge regions of the 
beams Ccf, section 2,2,5. )• These were plotted for control 
purposes in Fig, 22 with the changes in pulse rates which 
occurred in comparison with the 28th day measurement (indicated 
by x). Curve I in Fig. 22 was recorded by the manufacturer of 
the probe from measurements made on a mixture of quartz sand 
and ammonium alum NH 4 A 1 (S 04 )« 12 H 20 (bulk density of the mixture 
about 1,4 kg/dm3). It is shifted with respect to the curves 
for the conctetes and has a somewhat ^idifferent slope, revealing 
the influence of density and composition on the position of 
the curves. In plotting the measurements made on the beams, 
in order to exclude from the outset differences in density 
and composition of the concrete, the plotting relationship 
for curve II (w=0,0034l*R - 37,1) was used primarily only to 
determine the relative changes in the total water concentration. 

Moreover, it was necessary to determine the geometric refer- 
ence point of the probe (point of incidence of the thermalized 
neutrons). This point was outside the center of the detector, 
offset by a distance of 1.5 mm towards the emitter. Pig. 23 
shows the method used to make the correction; two profiles 
starting from opposite ends were recorded for a concrete beam 
(40 Em X 40 cm X 70 cm) with a glass tube passing through it 
along the long axis of the beam. The two profiles are displaced 
from the center of'the detector and relatively to each other 
by the twofold correction quantity (A). 

Even if temperature differences do not significantly in- 
fluence the backs cat ter ing effect, nevertheless an adverse 
effect on the measurements had to be taken into account due 
to the heating of the scintillator and the photomultiplier. 

Aging effects of the electronic components also had to be 
taken into account. In order to avoid such effects, the main 
amplifier was equipped with a so-called drift stabilization 
unit. During measurements in a water bath within the temperature 
range in question, changes in the pulse rate could not be de- 
tected, Likewise, after the measurements, which caused the 
probe to heat up, the measurement apparatus did not reveal 
any deviations in the pulse rates measured in a paraffin con- 
tainer before or after the heating. Pig. 24 plots the counting 
3?QrtGS x*egulGP ly pGcordGd bofoPG End Eftsi* gecIi msEsuPGniGnfc 
procedure in the container over a peridd of 3QQ days. These 
rates do not reveal any significant differences. However, the 
'container counting rate" has become smaller, which is due to 
aging effects of the measurement apparatus and must be taken 
into account in the interpretation of the results. 
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Pig. 23 . Neutron measurement rates (10^ pulses per minute) with 
the probe advanced counter to the flow and gravimetrlcally de- 
termined water concentrations (% by volume) for a beam (dimensions 
40 cm X 40 cm X 70 cm) about 1.5 years old made of gravel-sand 
concrete, plotted over the long axis of the beam (preliminary 
experiment on a beam covered on all sides with a vapor seal 
and one exposed face: heating time, 30 daysK 


Neutron measurement rate 
Total water content 
Evaporatable water 
Non-evaporatable water 
Distance from the face 
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Pig, 24, Counting rates measured with a neutron probe before 
and after each measurement in a paraffin container (diameter 
and length: 42 cm), plotted over a period of 300 days. 


Key: A. Counting rate 

B. Before measurement 
in the beam 

C. After measurement 
in the beam 

D. Days 


2. 2. 3 » 3, 2. Test Results 


Since no moisture could be given off by the beams until the 
start of heating on the 28th day and since no distinction was 
made in the neutron measurement between the type of bond for 
the hydrogen atoms, it was possible to use the measurements 
made up to that point, without taking into account the age of 
the concrete, for establishing the plotting relationship 
(curve II in Fig, 22). In addition, on the 28th day, prior to 
the start of heating, measurement profiles were recorded for 
the beams to be used as reference for the experiments after 
the start of heating. The profiles are shown in Pigs. 25 and 
26 for beams 1, 2 and 3 and 4, 5, and 6. More details con- 
cerning this are given in section 2,5. 













25% Total water content distribution profiles recorded 
by weans of a neutron probe for beams 1, 2 and 3> plotted in 
an automatic plotter after smoothing the measured values using 
the cubic spline approximation (the distortions in the edge 
regions were corrected on the basis of the mean values of the 
total water content). 

Key: A, Total water content 

B, Distance from the heated face 

C, Beam 


Fig, 26^. Total water content distribution profiles recorded 
by means of a neutron probe for beams 4,5 and 6, plotted in 
an automatic plotter after smoothing the measured values using 
the cubic spline approximation (the distortions in the edge 
regions were corrected on the basis of the mean values of the 
total water content). 


For recording the profiles over the long axis of the beams, 
measurement point sequences were specified by means of the cam 
rod. At the ends of the beam the distance between the measure- 
ment points was cm, and in the interior of the beam they were 
spaced at a distance of 3 cm, A sequence of measurement points 
contained a maximum of 84 points, in which the first point 
was 8,3 cm from the hot face and the last point 230,6 cm from 
the hot fa»ie. In these tests the measurement time was 1 minute 
per measuriment point. 

The neutron measurement rates thus recorded in the form 
of longitudinal profiles at specific age increments of the 
concrete were first of all converted into total water concentra- 
tions using the plotting relationship, and these in turn could 
be related to the next younger profile and the profile measured 
on the 28th day following a smoothing calculation. 

Pig, 27 shows typical measurement profiles for 4 different 
age increments. It must be borne in mind that the profiles 
are not corrected with respect to the geometrical particulars 
in the marginal regions and that the dotted reference line is 
only to bring out the changes in the profiles and does not 
represent a mean value line, 
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Pig. 27. Total water content measurements smoothed using the 
cubic spline approximation, plotted over beam length for age 
increments without taking into account the edge effects (the 
measurement profiles for the two younger age increments are 
more severely smoothed in comparison to the two older profiles) 


Key; 


A, Total water content 

B, Distance from the heated face 

C, Days 

D, Age 


The continuous fitted curve was determined with the "cubic 
spline approximation" for each measured age increment, a method 
with which third order polynomials are considered as fitted 
curves. The fitted profiles were analysed using a computer 
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by calculating fov 25 selected coordinates the absolute de- 
viation vritb. respect to the next younger profilesas well as 
the relative change with respect to the profilesfor the 
28th day and plotting for each coordinate Cl.e. the distance 
from the heated face^ over time. As an example, the total 
water content of the value before the start of heating 
on the 28 th day) for every 13 space coordinates is shown 
as a function of the age of the concrete in Figs. 28 and 29 
for beams 2 and 5. The corresponding graphs for the other 
beams are shown in Figs, A 13-16 in the appendix. 

This procedure offers the advantage that necessary correc- 
tions can be included without difficulties. Moreover, it is 
unnecessary to smooth out the distortions of the measurement 
profiles in the edge regions of the beams caused by the geo- 
metry of the test aet^iup. For the graphs in Pigs, A 1-12 in 
the appendix, the percentage proportions were related in each 
case to the mean value of the measurement made on the 28th day. 

The continuous curves show the change in total water content 
as a function of age for the most important space coordinates 
indicated on the right side of the graphs. 

Besides variations in density of the concrete and geometric 
effects (cf, C 80 ]), systematic errors in the measurement apparatus 
also particularly affect the accuracy of the results. Pig. 30 
shows mean values and confidence ranges for a statistical cer- 
tainty of 95^ which were calculated on the basis of four smoothed 
measurement profiles recorded in immediate succession for the 
space coordinates used to plot the graphs [83.3 J The confidence 
intervals do not reveal any local variation, so that the de- 
viations of all the single values can be considered jointly. 

The reliability of the measurements can be evaluated in a 
first approximation by using the determined standard deviation 
of s«±0.3? by volume. 


2.2,4. Linear Expansion 


2, 2. 4,1, Changes in the Overall Length of the Beams 


« 4 j_l . 1 . Me asurement Method, Arrangement and Procedure 

The beams experience changes in volume, the speed and mag- 
nitude of which are a function of the special properties of 
the cement paste as well as of the aggregates and also of the 

inpuences. Altogether, the processes responsible 
changes in volume of the concrete are those termed 

cSsS expansion 
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Pig. 28. Change in total water content Cin % of the initial 
value heofre the start of heating) as a function of the age 
of the concrete, plotted for 13 space coordinates (distance 
from the heated face) of beam 2 (also see Pigs. A 13 and 14). 

Key: A. Distance from the heated face 

B, Total water content 

C, Beam 

D, Start of heating 

E, Age in days 


Pig. 29. Change in total water content (in % of the initial 
value before the start of heating) as a function of the age 
of the concrete, plotted for 13 space coordinates (distance 
from the heated face) of beam 5 (also see Pigs. A 15 and I6), 

Key: A, Distance from the heated face 

B. Total iSater content 

C . Beam 

D. Start of heating 

E. Age in days 


The volume changes are measured in terras of linear ex- 
pansion (Al) or unit expansion (e) in the direction of the 
long axis of the beam. 

The device used to measure the linear expansion of the 
beams consists of an invar rod with a diameter of 25 mm, onto 
one end of which is wrapped a steel ball, while on the other 
end two precision indicators (1 pm per scale division) are 
attached to a yoke (cf. Pig. 3). The rod carries several 
PVC rings spaced 30 cm apart over its length. These keep 
it centered during the measurement process in the glass 
tube in the center of the beam. In order to keep the uptake 
of heat from the concrete as small as possible, the beam 
is wrapped with foam material between the rings. After being 
inserted into the glass tube, the rod end with the steel 
ball touches a stop plate arranged perpendicular to the 
long axis of the beam. This is about 3 cm from the end of 
the beam and — for purposes of better fixation in the con- 
crete — it Is attached to the stop plate overhanging the 
outside diameter of the glass tube. The two precision in- 
dicators thus press against two of the four nipples arranged 
cross-wise on the open end of the beam. These nipples also 
have stop balls and are adjusted by screwing into anchor 
sockets. The pairwise measurement at two opposite measure- 
ment points largely compensates for shifts in the axis of 


65 



Gesamtwassergehalt in gIdrrP 





E stand von aer bphetzten Strnsette m cm 


Pig. 30 . Confidence intervals (±t*s/i^) for the total water 
concentrations in g/dm3 for a statistical certainty of 95? 
at N=^ measurements Cneutron method, beam 3, without taking 
edge effects into account). 
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the 3 ?ocl with respect to the long axis of the tube, 

A steel tube, wrapped with polystyrene foam to serve as 
thermal insulation and a protective ^'.acket, is used to check 
the rod and for storing it. Like the glass tube, the steel 
tube also has a stop plate and two nipples attached to a 
steel plate at the opening of the tube. 

Before carrying out the measurements, the measuring rod 
was first of all checked each time in the steel tube. Then 
the length of a beam was measiujed, in the process of which 
the precision indicators were twice attached to each pair 
of nipples (a total of 8 individual values for each measure- 
ment). For each beam, the first measurement was made between 
the 1st and 4th day after the concrete was poured. The 
changes in length were calculatddnas differences between two 
successive measurements. 


2. 2. 4. 1.2. Test Results 


Pigs, 31 and 32 show the results of the measurements using 
the invar rod on beam 1, 2 and 3 and 4, 5 and 6, They show 
the total changes in length CAl) of the beams as a function of 
the age of the concrete, which was related to the value at 
the start of heating on the 28th day. 

Considering the length of the beam, the measuring methods 
showed relatively high sensitivity. The standard deviation 
with respect to the individual measured values was s=±6.8 pm. 
With a statistical certainty of 952, the confidence interval 
[8l] for the respective Individual values belonging to a 
mean value was t*s / >^-±5.7 lira. 


2, 2. 4. 2, Local Changes in Length in the Concrete 


2 ,2. 4, 2,1, Measurement Method, Arrangement and Procedure 

The total length changes of the beams, measured with the 
Invar rod, are due to processes which are a function of the 
temperature and moisture conditions prevailing in the concrete 
as well as the age of the concrete. In order also to be able 
to measure local variations in expansion in a beam, expansion 
transducers were arranged in 8 measurement planes as shown 
in Pig, 5. The transducers (Fig. 33), which were developed 
and made by the Federal Institute as so-called interior 
transducers for measurements in concrete, consist of a 
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Pig. 31. Changes In total length (A 1) for beams 1, 2 and 3 
made of calclte concrete as a function of age (reference value 
start of heating on the 28th day). 

Key: A, Change In length 

B. Shorter 

C . Longer 

D. Beam 

E. Age In days 


commercial strain gauge on a phenolic resin supporting base 
with a measurement grid length of 60 mm. This was glued under 
pressure between two Q,l-mm thick spring steel foils and 
cured at a temperature of l80®C, The strain gauge connection 
to the measurement wires are located In a copper tube soldered 
perpendicularly to the strain gauge. This tube Is filled with 
a moisture sealing material and was sealed on the top with a 
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fast setting cement. AJLl of the transducers were aged for 
the purpose of stabilizing them by means of several temperature 
cycles between 20 and 80® C in a warming cupboard. 



Pig. 33. View of the transducer for measuring local 
length changes in concrete, consisting of a 60-mm long 
strain gauge grid between two spring steel foils. 


The transducers are placed in the concrete parallel to the / 45 
long axis of the beam at about the level of the glass tube 
(Pig. 8). Associated with each active transducer in a semi- 
bridge circuit is a passive transducer, which is free to 
deform on the topi side of the beam. By means of this arrange- 
ment, in particularly even zero point shifts at the transducers 
as a result of aging are largely compensated for. The measure- 
ment Instrument used was a hand-operated potentiometer with 
4 measuring points Csensltlvity ; 1 scale "division corresponds 

to 1 ym/m). 

For the measurements of strain discussed below as a result 
of shrinkage up to the start of heating on the 28th 

day, the characteristic curves for the transducers were de- 
termined by means of strain measurements under tensile stress. 

The rigidity values deduced from these measurements were used 
to make a computer estimation of the temperature changes in 
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the concrete. Both types of concrete yielded factors (finp” 

6.28 pm/in®C for the calclte concrete and ]im/m®C 

for the gravel-sand concrete) with which, using the temperature 
changes with respect to the reference value on the 28 th day, 
correction terms could be calculated which accounted for the 
variable elastic behavior of the strain gauges and the concretes. 
In checking a pair of gauges, the active gauge of which was 
located in a test beam, a suitable, linear graph was found In 
the temperature range between 25 and 75®C after drying the 
concrete beam. 

The strain measurements could be done after putting the 
thermal Insulation and the lid in place. Details of the mea- 
surements made after the start of heating, measurements which 
were expected to reveal, above all, shortening of the concrete 
due to shrinkage after drying, can only be given after all of 
the tests have been completed and beams 1 and 2 as well as 
M and 5 have been split. 


2. 2. 4. 2. 2. Measurement Results 


The strains determined as a function of age were summarized 
both for the calclte and gravel-sand concrete after taking into 
account the temperature effect. The curves developed from the 
mean values for the two groups of three beams are plotted on 
the right hand portion of Pig, 3^ (0 symbols). They connect 
to the curves for shrinkage or contraction during the first 
days after the pouring of the concrete. Details on these 
measurements are given in section 2,^,1, 
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Pig, 3^. Strains due to shrinkage 
and contraction (sj-gifj) of the 

calclte concrete (beams 1-3) and 
of the gravel-sand concrete (beams 
^1-6) up to the start of heating 
on the 28th day. 


Key: 


A, Beams 1-3 

B, Mean values 

C , Beams ^-6 

D, Measured on prisms 

E, Measured in the 
beams 

P. Unit strain 
G. Age in days 
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35* Partial view of a segment of concrete wit 
removed. The segment was obtained by sjilittlng the 
On the left of the segment, along the horizontal ml 
can be seen part of the glass tube running along th 
axis of the beam. 



2.2,S, Concluding Measurements on Concrete Samples from Beams 
T'eKdTT 


2. 2. 5,1, Test Specjtoiensa Extent of Measurements and Procedure 

liJhlle beams 1, 2, ^ and 5 are to be heated over a period 
totaling 3 years, the tests on beams 3 and 6 were stopped when 
the concrete reached an age of 470 and 421 days respectively 
to check the reliability of the measurements made with the 
moisture measuring elements and the neutron probe. This was 
done by gravimetrically measuring the moisture content of 
samples of concrete from the beams. In addition, samples 
were used to study the content of non-evaporatable water 
as well as the dry bulk density. Moreover, as a supplement 
to the moisture studies on separately produced cubes (cf, 
section 2,4.2,), it was necessary to perform compressive 
strength on cores taken from the beam concrete. 

After final measurements on beams 3 and 6, the heating 
regulator was turned off, the poweresupply interrupted’ and 
immediately afterwards the case and theiroal insulation were 
removed from the beams so that only the vapor seal was left 
covering the concrete. When the copper foil was separated 
from the vapor seal, the layer of epoxy resin remained studk 
to the concretfe. This can clearly be seen on the smooth 
outer surface of half of a segment of concrete shown in 
Fig. 35. The segments were obtained by splitting the beams 
into the planes formed by the measurement g:&ids, using a 
compression test machine to make the cuts, and then they 
were immediately cut in half vertically (also see Pig. 4), 

One half was later used to supply 10~cm diameter core samples, 
one each from the upper and lower quarter, (The 5-cm cores, 
the holes of which can also be seen in this photograph, are 
being used for air permeability tests which are not discussed 
in this paper,) The other half of the section was used to 
provide test material for measuring the content of the evapor- 
atable and non-evaporatable water. One sample for each test 
was taken from the upper and lower quarters of the segment 
and the test matejfial for determining the dry bulk density 
was taken from the middle at about the level of the glass 
tube. These operations were performed rapidly to keep moisture 
losses as small as possible. 

The sample^, weighing between 2 and 3 kg, were weighed 
immediately, crushed, dried at 1Q5°C until the weight became 
constant and then weighed again. The dry bulk density of 
the test pieces was deteimiined according to DIN 52 102 L53, 






!Hie aame samples were used for measuring the water uptake under 
atmospheric pressure as per DIN 52 103 C63« 5'or purposes of 
comparison, water uptake under atmospheric pressure and at 
a pressure of 150 Pars was also measured on separately pro- 
duced samples of calcite and gravel-sand concretes. 

The test for the content of non-evaporatable water by 
means of heat treatment at 550° C of the concrete previously 
dried at 105° C was done on pairs of samples weighing about 
300 grams from beam segments A/B, C/D, P/G, J/K, 0/P and P/Q. 

The cores used to determinedthe*- compressive strength 
were shortened and the pressure surfaces made plane parallel 
so that the diameter and thickness were approximately equiva- 
lent. Until they reached a constant weight, they were stored 
at 20®C and 100^ relative h\imidit$^ybefore they were tested 
in the surface-dry State. 


2.2.5«2. Measurement Results 


Pig. 36 shows the measured concentrations of evaporatable 
and non-evaporatable water (converted to percent by volume 
using dry bulk densities) as a function of the location of 
the concrete segments in beams 3 and 6. The mean values of 
two measurements in each case were used to set up the water 
balances for the two beams in section 2,5. 

The dry Bulk densities (e^p) were used in compiling the 
upper part of Table 4. They do not reveal any local variations. 
The standard deviation (s) is indicated as a supplement to the 
mean values. 

Pig. 37 (left) shows the water uptake under atmospheric 
pressure (A) for the specimens from beams 3 and 6 as a function 
of their position in the beam. Pig. 37 (right) shows the water 
uptake at atmospheric pressure (Av) and at a pressure of 150 
bars (A^3p) which was determined 6n separately produced specimens 
of all of the concrete. 

Pig. 38 shows the compressive strength values (g-.) measured 
on the cylindrical core samples as a function of their position 
in the beam. In making these measurements, the influence of the 
shape and size o'f the specimens was not taken into account. 
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Pig. 36. Content of evaporata^le and non-evaporatalbe water 
of concrete samples from segments of beams 3 (calcite concrete) 
and 6 (gravel-sand concrete). 
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Pig. 37. Left — water absorption (A) of concrete samples from 
segments of beams 3 end 6, plotted over beam lengths. 

Key: A. Water absorption 

B. Beam 

C. Water/cement ratio 

D. Distance from the heated face in cm 

E. Water absorption A of the beam concrete 

Pig. 37. Right — water absorption at atmospheric pressure (Ay) 
and at a pressure of 150 bars (A^p) of separately producet test 
spedimens of calcite and gravel- sand concretes. 

Key; A. Water/cement ratio 

B, Calcite concrete 

C, Gravel-sand concrete 

D, Water absorption A and of test specimens 
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According to Powers and Brownyard 114], the water present 
In the cement paste can be distinguished into three different 
types, namely jfree, adsorptlvely bound and chemically bound 
water (cf. section 1.1.3.). The subdivision into evapol7atable 
and non~evaporatable water, made on the basis of defined ex- 
perimental conditions, assumes that the non-evaporatable water 
can be approximately equated totthe chemically bound water. 

In this paper we have adopted the terminology used by 
Powers by designating, for purposes of simplification the 
portion of water expelled by drying at 105®C as evaporatable 
water and the portion given off between 105®C and 550®C as 
non-evaporatable water. The method used by most authors to 
determiner! the content of evaporatable water, i.e. the method 
of drying in a warming cupboard at temperatures soraewhate above 
the boiling point (also see El8, 28, 63]) measures in addition 
to the free portion (in the sense of the distinction made by 
Powers, a portion of the water bound adsorptlvely to the pore 
walls, and this as a function of the drying temperature, drying 
time and pretreatment of the test material). As experiments 
have shown £82], even under precise drying conditions the 
weight loss cannot be correlated only with specific temperature 
ranges, but it also shows a continuous curve, which is primarily 
due to* the fact that the absorption forces, which bind the 
water molecules in layers and have to be overcome during drying, 
Increase as the molecule approaches the pore wall. In spite 
of the uncertainty to Which the method is subject, it is used 
in most cases— including this one— so as to keep the technical 
aspects of the_ experiments from becoming unnecessarily complex. 

By contrast, the method first used by Powers and Brownyard, 
and refined by Copeland and Hayes [26], to determine the 
chemically bound water (i.e, non-evaporatable water) have to be 
reserved for special experiments £253. In the experiments de- 
scribed below on samples of cement paste, the heat treatment 
method at 105 or 550°C used to distinguish evaporatable and 
non-evaporatable water was compared with the results of thermo- 
gravimetric analysis (TGA), Prisms were used for the test 
material Ccf. section 2, 1,1. 4.), These were stored in a saturated 
calcium hydroxide solution until the start of measurement. To 
be able to measure pore-space specific differences, which in- 
fluence the dehydration behavior, we examined cement paste with 
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water/cejnent ratios between 0,20 and 0,55 at increments of 
0,05 and also of different ages between 3 and 290 days. 

In each case the test material was taken from the interior 
Of the cement paste prisms. For the experiments in the warning 
cupboard^ between 20 and 40 grams of cement paste were used 
per water /cement ratio and age increment. After weighing, 
the test material was crushed, dried for 48 hours at 105° C 
and weighed. again. This was followed by heat treatments at 
550°C and finally at 1000°C with the appropriate weighing. 

The water concentrations, with respect to the respective 
drying temperature (9*) followed from the difference with 
respect to the final weight at 1000®C'j 

a ( J — „ i°?Q -).i(io in % by weight. 

^1000 


The thermogravimetric analyses were done on samples of 
cement paste for water /cement values of 0,3, 0,4 and 0.5 at 
age increments between 1 and 290 days. Prom the crushed test 
material, the particle fraction 0.63/1,0 was separated off 
with “cest screens in accordance DIN 4l88 [4] and 200 mg of 
this was used as the test material for each test. On the 
basis of preliminary experiments within temperature ranges, 
the following heating rates were established: 


Temperature Range 
(°C) 

20 / 300 
200 / 380 
380 / 540 
340 / 700 


Heating rate (°C/min) 


2 

100 

s 

2 . 


In plotting the results, the weight loss curves (df. Pig, 

39) were divided into intervals so that these curves Include 
characteristic dehydration phenomena which overlay the more 
continuous changes. The water concentrations at the temperatures 
corresponding to the interval limits were calculated according 
to the above equation, in which the final weight at 700°C was 
used as a reference value. 


79 




Pig. 39. Thermogravlmetrlc analysis of cement paste; temperature 
and weight loss as a function of the heating rate (weight of 
sample: 200 mg). 


Key; A. Weight loss 

B, Temperature 

C. Heating rate 


2 . 3 . 1.2. Measurement Results 


Using as an example a specimen of cement paste with a water/ 
cement ratio of 0 . 50 , Pig. 39 shows the dependency of weight 
loss on temperature, taking Into account the different heating 
rates. In the weight loss curve, the Interval limits used In 
plotting these graphs were marked by circles which correspond 
to the temperatures lying vertically below them. 

Pig. 40 summarizes the results of measurements expressed 
as water concentrations of the cement paste at the respective 
temperatures, as a function of age. Pig, 40 (left) shows the 
water concentrations determined by means of the heat treatment 
method. Pig, 40 (right) shows the results obtained by plotting 
the curves as shown In Pig, 39, P‘'r reasons of clarity. Individual 
values are not plotted In the graph. 
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The purpose of the tests described below was to determine 
the effects of heating, i,e. of local temperature and moisture 
conditions in the beam, on the development of structural prop- 
erties of the concrete, as far as they are reflected in the 
ratios of the concentrations of evaporatable and non-evapora- 
table water. In view of the small sample quantities of matrix 
mortar, as stipulated by technical conditions, larger deviations 
were to be expected, particularly in the moisture content de- 
terminations, since the ratio of total pore volume to solid 
volume as well as the pore space essential for water absorption 
would not be the same for all of the test specimens. It was 
also to be expected that in determining the concentrations of 
non-evaporatable water by heat treatment at 550®C, the measured 
values would be adversely affected by weight losses of the 
aggregate. Thus, these findings could be used primarily only 
to show development tendencies. 

The specimens of matrix mortar, taken in pairs from the 
beam windows according to the test plan shown in Pig. 7, were 
weighed Immediately after being removed and— to prevent moisture 
losses — immediately processed as follows: 

One specimen was cut in half. One half was used to de- 
termine the dry bulk density, which also yielded in 
each case a value for the concentration of evaporatable 
water. The other half was used to determine the pure 
density (cf. section 2,3.3,). 

One half of the second specimen was used to measure 
the pore size distribution (cf, section 2,3.^.), and 
the other half was used to measure the concentrations 
of evaporatable and non-evaporatable water. To this 
end, the material (20-3Q grams per specimen) was first 
pre-dried and weighed to keep evaporation losses at 
small as possible during subsequent crushing in a mortar. 
The drying at 105°C lasted ^8 hours in each case, a 
period of time which had been determined to be adequate 






In the experiments on crushed material. After 
weighing, the test material was heated to 550®C 
and held for 24 hours at this temperature, This 
is followed by roasting at 100® C, likewise for a 
period of 24 hours. 


As a result of the heat treatment at 550®C, the weight 
losses caused by the aggregates had to be estimated by means 
of drying experiments on the particles contained in the matrix 
mortar. For the calclte mortar, this resulted in a proportion 
of the content of non-evaporatable water of about 1,3? by 
volume, and about 1.2? by volume for the gravel-sand material. 


2, 3 ,2, 2. Measurement Results 


Fig. 4l shows the results of the evaporatable water content 
experiments on matrix mortar specimens for beams 1-6. For 
setting up the graphs we also used the values measured in de- 
termining the bulk density, since these do not show any perceptible 
systematic differences with respect to the values measured on 
crushed mortar. For the age stages of 3, 7 and 28 days, 3 or 
4 individual measurements in each case could be combined into 
mean values without taking into consideration the position of 
the sample-taking point (window) in the beam. For the age 
stages after the start of heating, distinictions were made 
according to location, whereby a maximum of two individual 
measurements could be averaged. These data are interconnected 
by broken or dotted lines. 


The results of the matrix mortar experiments on the content 
of non-evaporatable water did not reveal any dependencies on 
the water/demeht ratio within a type of concrete. As expected, 
the values determined for the beams deviated sharply and, after 
correcting for the weight loss of the aggregate, they were 
summarized for both types of concrete and shown graphically 
in Fig. 42. The graph on the left shows the change in con- 
centration of non-evaporatable water for the matrix mortar 
with caclite concretes (beams 1-3) and the graph on the right 
for the matrix mortar of gravel— sand concretes (beams 4-6), 

The data for the three age stages up to the start of heating 
could be combined into mean values from a maximum of six in- 
dividual values without taking into consideration local details. 
The data plotted after the start of heating as a function of 
age correspond- to the mean of a maximum of four individual 
values. The solid lines indicate the change in content of 
non-evaporatable water for windows 1-3 after the start of 
heating, the broken lines combine the points measured at 
windows 4-8. 
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Pig. 4l. Content of evaporatable water as a function of age 
and also of the location in the beam (windows 1-8) after the 
start of heating, determined on matrix mortar specimens from 
beams 1-6. 

Key: A. Beam 

B. Window 

C. Content of evaporatable water 
in % by volume 

D. Start of heating 

E. Age in days 
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Pig. ^2. Content of non- 
evaporatable water of matrix 
mortar specimens with calcite 
aggregate (mean values for 
beams 1-3 after removal of 
the aggregate portion), plotted 
as a function of age and 
location in the beam (windows 
1-8) after the start of 
heating. 


Content of non-evaporatable 
water of the matrix mortar 
specimens with gravel-sand 
aggregate (mean values for 
beams ^1-6 after removal of 
the aggregate portion), 
plotted as a function of 
age and location in the beam 
(windows 1-8) after the start 
of heating. 


Key; A. Non-evaporatable water 
in Jf by volume 

B, Start of heating 

C. Age In days 

D, Calcite concrete 

E, Gravel-sand concrete 

F. Beams 

G. Windows 




2,3.3. Total Porosity 


2, 3. 3.1. Keasiirement Method and Basperlmental Ppocedure 

The structural development of the concrete can be charac- 
terized with the help of changes in total porosity Calso see 
[83]). Under normal hardening conditions during the maturation 
process the total porosity decreases , since the hydration 
products assume a portion of the originally available ppr.e 
space. Since the resulting products as well as their strength 
are dependent on the prevailing temperature and moisture con- 
ditions, differences in the development of the pore volume 
according to the location of the conbrete in the beam had to 
be expected. 

The material used for the total porosity experiments was 
a test specimen of matrix mortar for each type of concrete, the 
sample-taking of which is described in section 2. 3. 2.1, As a 
supplement to^.this, measurements were made on cement paste with 
water/cement values between 0.25 and 0.55 Ccf, section 2. 1,1, 4.). /54 
The cement paste prisms were stored until the test age in each 
case in a saturated calcium hydroxide solution. The tests' were 
carried out according to DIN 52 102 [5], In each case, half 
of the test specimen was used to determine the bulk density 
(ptr^* other half, after being crushed and dried was used 

to measure the density (to) with a Beckman comparison air 
pycnometer with which the volume was determined by adjusting 
the pressure of two test chambers coupled through a differential 
pressure meter, (cf. [84]). 


2. 3.3. 2. Measurement Results 


The total porosity (Ut) is deduced from the values de- 
termined for bulk density and density according to the following 
equation: 


To show especially also the influence of heating on the 
change in pore space, the data for the tvro types of concrete, 
differing •:ln aggregate, were compiled in Pig. 43, For the 
age intervals of 3, 7 and 28 days, it was not necessary to 
distinguish the location in the beam (window number), so that 
for these ages six Individual measurements were averaged in 
each case (dashed-line fitted curve). The data for the age 
intervals after the start of heating, which must be distinguished 
according to temperature and moisture conditions by indicating 
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E. Window 
P. To 

G. Gravel-sand 

H. Start of heating 




Pig. ^3. Change In total porosity (U^) of the matrix mortar 
with calclte aggregate (beams 1-3) and with gravel-sand aggregate 
(beams 4-6' as a function of age and location In the beam 
(windows 1-8) aftei* the start of heating. 


Key; A. Total porosity 

B. Age In days 

C. Calclte concrete 

D. Beam 
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Pig. 44. Total porosity (Q^) of cement paste stored in water 
Cwater/cement ratio = 0.25-0.55) as a function of age. 


Key: A. Total porosity 

B. Age in days 

C. Water/ceraent ratio 







the window number, in each case respresent three individual 
values. The solid line after the start of heating combines 
the results for windows 1-3* the dotted line combines the 
results for windows ^1-8. 

Pig. kk summarizes the total porosity values (U-t) of the 
cement paste samples. The graph shows the total porosity as 
a function of the age of the cement paste for water /cement 
ratios between 0.25 and 0.55. 


2.3.4. Pore Size Distribution 


2. 3. 4.1. Measurement Method and Experimental Procedure 

Besides the chemical and mineralologieal features of the 
cement paste as well as of the matrix mortar, we are also es- 
pecially interested in the pore structure with respect to the 
technoological properties of the concretes. This structure 
is characterized by the nature and distribution of the pores. , 

To measure the pore size distribution using the method proposed 
by Ritter and Drake [853 we used a mercury porosimeter developed 
by Guyer, BOhlen and Guyer [86] with a pressure range up to 
2000 bars (for 4 radii between about 7*10^ and 4 nm). Reference 
[82] shows a schematic diagram of the instrument built by 
Carlo Erba Co. This instrument also has an additional device 
for measuring larger pores with radii between 55*103 and 7 *103 
nm. 

The basic points of the measurement method are described 
in detail in the literature (e.g. [24, 87, 18]) and these 
will be repeated here only to the extent necessary for evalu- 
ating the results. The method is based on the capillary 
equation for the equilibrium state 


p • r“ = 2 r* 7 C^* Ocos ^ 


2-6 

p ; — *cosy? 


Eq. 3 


where p is the pressure, r the radius of the capillary tube, 
a the surface tension of the medium and ({> its angle of contact 
(cf. Fig. 45). 







mercury porosimeter method 


w- uoncacu angle or mercury on a nonmetal 
substance. 

a) Series of cylindrical pores with a 
gradually decreasing radius r 

^n+1 radii of successive pores 
^n» ^n+1 pressure after filling the pores 

u change in volume as a result of 
filling the pore with a radius o 

VI 

b) Pore with bottleneck access 

c) Large pore with bottleneck openings 

d) Closed spherical pore 





For mercury on nonmetallic materials, contact angles are pro- 
duced which are greater than 90®, and the right side of the 
equation becomes negative, i,e, the mercury is not wetted 
and must be pressed into the pore system. Assuming that 
a and 4) are constant variables, namely '7=0.48 N/m for pure 
mercury and 4>=l4l.3® as the contact angle £24], the rela- 
tionship between the radius of the smallest filled, pore and 
pressure (in bars) turns out to be 

n . 7492 

r -jp- innm. I, 


Winslow and Diamond [20] have determined the contact 
angle of mercury to be 117® by experiments on cement paste 
dried at 105®C, and with a surface tension of a=0.484 N/m 
they have obtained a modified conditional equation. For 
example, for the measurement apparatus used here, this would 
cover a pore radius range of about 2.2-33 x 103 nm. In view 
of the objective oi studying relative changes in pore size 
distribution in a complex system, however, the mean values 
usually taken as a basis for the surface tension and angle 
of contact were retained [88]. 

The measurements are carried out in such a way, that first 
of 'all by means of compressed air, mercury is pressed in stages 
into the originally evacuated test material, during which the 
respective changes in volume and pressure are measured. Then 
the pressure is gradually Increased by means of a multistage 
hydraulic system in an automatically controlled apparatus, 
and the pressure and voliune are registered on a recording 
apparatus. The pore radii are calculated in steps using Eq. 

(4). These are correlated to the pore volume corrected by 
the compressibility of the hydraulic system. 

Eq. (4) is valid in principle only for cylindrical capil- 
lary tubes. Accordingly, with step-wise pressure Increases, 
the successive pores must become Increasingly smaller (Pig. 

45, case a) and not — e.g. like a bottleneck — confine the 
axis to larger cavities (Fig. 45, case b). Since pore systems, 
in reality, are considerably more complex, the pore size dis- 
tributions measured serve only as a model. Indicative of this 
is the fact that the mercury pressed in does not completely 
re-emerge if , as a result of gradual decrease in pressure, / 56 

atmospheric pressure is again obtained. Various reasons for 
this are given in the literature. While Ritter and Drake 
[ 85 ] attribute this to the bottleneck pores. Hill [ 89 ] believes 
that in very large pores with bottleneck openings (cf. Pig. 45, 
case c) free mercury levels would form without exterior binding 
during emptying. On the basis of microscopic examinations of 






sample of coke, Jftntgen and Schwuger [87] assume, moreover, 
that because of the high pressure, mercury In the form of thin 
films remains stuck for the most part to the wall surfaces of 
large pores during emptying. Auskern and Horn [90] found that 
about 50iJ of the mercury pressed In did not re-emerge from 
the cement paste; Sellevold [91] gives a figure of 20-^5!5 
for his experiments on cement paste. Among other things, 
JUntgen and Schwuger [8?] also discuss the question of 
whether the pore structure Is not modified at the outset 
by the strain differences resulting from pressing In the 
mercury. Repeated measurements revealed a small Influence 
obviously only In the region of larger pore* radii. 


Altogether the method has a large number of special fea- 
tures which may have a strong effect on the distributions 
measured and which cause Jung [92], for example, to state 
that the maxlmums In the end region of the mercury porosimeter 
method would often be overestimated. Regardless of these 
special measurement features, the relative changes In pore 
space measured with the method allow us to draw conclusions 
with respect to the development processes. 


In this connection, finally the question of the pretreat- 
ment of specimens takes on Importance. Sellevold [91] Informs 
us that considerable differences have emerged for measurements 
on pulverized cement paste in comparison with measurements on 
small pieces of the same material. In addition, the heat 
treatment at 105®C to expel the evaporatable water from the 
specimens made from the outset cause a change In the pore space 
In the experiments described below. Instead of drying at 105®C, 
the crushed specimens of matrix mortar were dehydrated In a 
vacuum at about 10“3 torr for three days, since dehydration 
experiments at different temperatures (cf. [8?]) as well as 
comparison measurements had led to the result that, with this 
drying method, the pore space essentially measured by mercury 
porosimetry Is obviously emptied. 


The test material used for the measurements was matrix 
mortar (cf. section 2.I.I.3.), cement paste (section 2.1.1.i<.) 
and aggregate samples. As explained in section 2.3.2., from 
one of the two mortar samples removed from the windows of the 
beams at each age increment (cf. sample-taking chart. Pig. 7), 
half was split off after weighing, crushed Into small pieces 
meaq^rlng about 2-3 mm in diameter and di’led in a vacuum at about 
10”J torr and at room temperature for three days. Pi*om the 
material prepared In this way and selected by visual examina- 
tion as being free of courser aggregate, about 3-^ grams were 
put Into a dllatometer container (cf. Fig. 1 In [82]) and 
measured using the mercury porosimeter method after several 



evacuations lasting about two hours. So far, pore size dis- 
tributions have been measured on 26 test specimens for each 
of beams 1, 2, 4 and 5, while there were a total of 3^ test 
specimens both for beams 3 and 6. Likewise, cement paste 
as described In section 2. 1.1. 4. as well as samples of calclte 
and gravel-sand aggregate were tested for pore size distri- 
bution. 

The pressure range up to 1 bar (corresponding to pore 
radii up to about 7*103 nm) were measured In eight stages. 

The recording apparatus graphs were plotted for pressures up 
to 2000 bars (corresponding to pore radii up to about ^ nm) 

In 36 stages according to a prepared pattern. 


2.3»^«2. Measurement Results 

Taking into consideration the correction term for the 
Inherent compressibility of the hydraulic system from the 
pressure and volume measurements measured in the blind ex- 
periment, Eq. (4) provides us with frequency sums of the pore 
volume (u) as a function of the pore radius (r). These 
curves were plotted for all of the test specimens over (Ig r) 
(cf . , for example, the sum lines in the upper half of Pig. 46 
for the test specimens from vilridows 7 and 8 of beams 2 and 5). 
The measured pore volumes (Ujjg) are plotted in Fig, 47 as a 
function of age and location within the beams ^ (window number). 
Here the individual values measured up to the start of heating 
are combined, independently of the sample-taking point. 

Prom the frequency stuns (Pig. 46, top) we can directly 
read the portion of the pore volume as percent of the total 
volume of all pores with r<ri for pore radius r±. Although 
these sum curves (also called distribution sums) give infor- 
mation on the correslation of the pore volume to the pore 
radii, it was necessary for purposes of clarity to determine 
the corresponding frequency distribution (also called dis- 
tribution densities) with the help of a computer and also 
plotting over (Ig r). 

The distributions shown as examples in Fig, 46, center, 
and alio in Figs. A 17-20 in the appendix, are fitted cu 37 ves 
for the computer-drawn histograms of the frequency of the pore 
volume du/d (Ig r) plotted over (Ig r). Pig. A 17 shows pore 
volume frequency distributions for the age Intervals of 3, 

7 and 28 days , measured on samples of matrix mortar of the 
calclte (beams 1-3) and gravel-sand (beams 4-6) concrete. 

Pig. A 18 compares the frequency distributions of matrix 
mortar specimens from windows 2, 7 and 8 from beams 3 and 6 
for different age intervals. Pigs. A 19 and A 20 show the 
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Fig. ^6. Qraphlng methods and elucidation of the relationship 
measured using a mercury porosimeter, between the pore volume 
(u) and pore radius (r) for two specimens of matrix mortars 
from beams 2 and 5. 


See key on following page. 





Top pore volume frequency sums as a function of the pre 
radius (Ig) 

Center pore volume frequency distributions as a function of 
the pore radius (Ig) 

Bottom schematic subdivision of the measured pore volume (U. 
into cement paste porosity (A), aggregate porostiy 
(B) and structure-dependent porosity (C). 

Key: A. Pore vbiume frequency sum in % 

B. Pore volume frequency 

C. 1!E of the pore volume 

D. Window 

E. Days 

P, Pore radius 

G. Calcite concrete 

H. Beam 

I. Gravel-sand concrete 


frequency distributions of the pore volumes with respect to 
weight which were measured on cement pastes with different 
water/cement ratios and ages and also on samples of the 
limestone and gravel-sand aggregate. With the help of the 
surface area scale drawn in the figures, we can obtain the 
proportion of pore volume of the total volume measured be- 
tween two pore radii. By means of these distribution curves 
obtained by partial differentiation of the sum curves, changes 
in the pore volume over the coordinated pore radii are readily 
visible. Thus, Fig. ^l6, middle, shows that typical distribu- 
tion curves for the matrix mortar of the calcite and gravel- 
sand concrete differ considerably from one another in terms 
of form, which is obviously causally related to the particular 
features of the aggregates. So in Pig. ^6, bottom, taking as 
an example a specimen of each type of concrete , (from window 8, 
age 180 days) the proportions of measured pore volume (Uj. ) 
attributed to the components of the matrix mortar as well® 
as the structure-deteinnined porosity are estimated. The values 
obtained are based on the distribution curves for cement paste, 
limestone and gravel-sand aggregates shown in Figs. A 19 and 
20 in the appendix. 

The distribution curves of Figs. A 17 and I8 in the 
appendix also reveal that the volume percentages correlated 
with certain pore radii (in the graphs showing surface area 
proportions) are obviously shifted with age toward other pore 
radii. Another goal was to quantitatively determine the 







Pig. 47 . Pore volumes (Uu_) as a function of age and location 
In the beam (windows 1-8) after the start of heating, measured 
with a mercury porosimeter on the matrix mortar of beams 1-3 
(concretes with calclte aggregate) and ^-6 (concretes with 
gravel-sand aggregate). 


A. Pore volume 

B. Beam 

C. Mean based on two or three values 

D. Window 

E. Start of heating 

F. Age in days 
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changes qualitatively visible in the distribution curves. To 
this end, the hlstogrvVns were separated into surface area seg- 
ments at characteristic, recurrent mlnimums. These segments 
are limited by the sn'allest or greatest measured pore radii 
and by radii rx and rjT within the distribution curves (Fig. 

^ 6 , middle). The limiting radius was characteristic for both 
types of aggregate, and speoiflcally for the calcite material 
a mean value of rj«^IO nm emerged and an average value of rj“ 

52 nm for the gravel-sand material, while rji for both types 
of aggregates was uniformly determined to be 7*<0 nm. By 
transferring the limiting radii rr and rji into the frequency 
sums (Fig. ^6, top) the corresponding volume portions ui and 
U-, turned out to be percentage portions of the measured total 
p^re volume. Tlielr centeimiost values u^i and Ujyj-j-j- correspond 
to the "central" pore radii and as marked in Fig. 

^6, top. The distribution surfaces iw and uji were converted 
by multiphying with the pore volumes lUjig) of Fig. into 
cm3/g, combined for each type of concrete (three beams in 
each case) and plotted in the graphs together with the central 
pore radii as a function of age, taking into consideration the 
position in the beam or the corresponding temperature ranges. 

Figs. and *19 show the changes in central pore radii r„_ 
and pore volumes Uj for beams 1-3 and *<-6irespectlvely . 

In these graphs the location-dependent values up to the start 
of heating were averaged, while the values for the age in- 
tervals after the start of heating were combined for every 
two adjacent windows (cf. the temperature ranges given In the 
figures) . 

The changes in central pore radii 
pore volumes Uj- are shown in Pig. 50, 

(calcite concrete) and right, for beams 
corresponding to Pigs. and *19. 

In Pig. 51, left, the pore volvimes uj for the age in- 
crements up to the start of heating on the 28th day are plotted 
separately for the matrix mortars of beams 1-3 and' *1-6. The 
identifiable development area for the thx*ee concretes in each 
case has been emphasised by boundarj^-llne curves and right and 
loft slanted shading lines. Pig. 51, right, shows the correspond- 
ing graph for pore volumes ujj. 


r«ji accompanying /6l 

lerr , for beams 1-3 
*1-6 (gravel-sand concrete) 


2.*1. Changes in the Mechanical Froperties of the Concrete 


2. *1.1. Shrinkage. Contraction, and Thermal Expansion 


97 



fmtwr Stzm$6 
*^ttr7br^S. 


ORIGIN ALPAGb^ 

OF POOR QUALITY 


0 90 180 160 C71 500 

3 28 P 

^ H Ibgen 

Fig. 48, (Top); Changes In central pore radii (r^y) as a function 
of age; (bottom): changes in pore volume (u^) as a^runctlon of 

age measured on matrix mortar from the calcite concrete of beams 
1-3. Fitted curves for every two measured values (windows 1/2, 

3/4, 5/6 and 7/8), 


See key on following page 
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Key: A. Pore radii 

B. Pore volumes 

C. Windows 

D. And 

E. Mean value 
P. To 

0. Mean vAlues Independent of the location 

H. Beams 

1. Start of heating 

J. Age In days 


2. 4. 1.1, Measurement Method and Experimental Procedure 

Besides the measurements of total length changes made 
on the beams, strain behavior tests were necessary to determine 
the nature and magnitude of different types of Influences. 

The reduction in volume as a result of shrinkage and then 
contraction immediately after the pouring of the concrete, due 
to hydration phenomena, could not be measured on the beams 
themselves. After the start of heating, local contraction- 
induced strains appeared as the beams gradually dried cut. 

These processes are still going on and had to be evaluated 
on separately produced test specimens. Changes in the length 
of the beams before and after the start of heating were caused 
by thermal expansion. To be sure, these changes are included 
in the sum of all local length changes measured with the 
Invar rod, however they cannot be measured individually and 
so even measurements of thermal expansion on separately pro- 
duced test specimens were necessary. 

To investigate the strains in both types of concrete due 
to shrinkage and contraction in the early stage of hardening 
we used an experimental apparatus which had already been tested 
by the Federal Institute for Experiments on Mortal’s and Pure 
Pastes, Details of this apparatus are given in reference [93], 

It consists of a three-part mold — such as used for making cement 
mortar prisms measuring 4 x 4 x 16 cm — on whose ends for the 
two outer prisms are placed Inductive displacement transducers. 

In order to prevent changes in length as much as possible during 
the measurements, the bottom and the two long sides of the prism 
molds were each covered with two foils of polytetrafluoroethylene 
(teflon) sandwiching a lubricating film of oil. To prevent the 
release of moisture fi’om the concrete to the environment, a 
glass plate was cemented to the prism molds with ceiling com- 
pound and the cavities were filled with wetted foam material. 

The measurements were made on two prisms each of calcite con- 
crete (corresponding to beam 2) and gravel-sand concrete 
(corresponding to beam 5) during a 100-hour period after the 
concrete was poured. 
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The linear thermal expansion was first of all studied in 
preliminary experiments on one beam each of calcite and gravel 
sand concrete measuring 15 cm x 15 cm x 55 cm. This was done 
for the temperature range between 20 and 80®C, without taking 
into account the moisture content of the concrete restricted 
to the moist and dry boundary states. Based on the practical 
data obtained in the preliminary experiments, the tests de- 
scribed below were carried out to determine the thermal ex- 
pansion coefficients and the degree of shrinkage. For each 
type of concrete and water/cement ratio, two test specimens 
were poured into cylindrical tin containers measuring 10 cm 
in diameter and 23 cm long and these were sealed vaportlght 
(cf. section 2. 1.2. 2.), The membrane-like ends of the con- 
tainers supported measuring pins which were solidly anchored 
in the hardened concrete. A thermocouple was arranged approxi 
mately in the longitudinal axis of each test specimen. After 
the concrete was poured, the test specimens were stored for 
28 days in a warming cupboard where they were exposed to tem- 
peratures corresponding approximately to those which would 
have occurred in the beams, after the concrete was poured, 
as a result of heat of hydration (cf. Pig. 9). 


On days 3, 7, 17 and 29 the test specimens were cooled to 
5®C and maintained at this temperature until the thermocouple 
indicated that the temperature of the test specimen had 
reached that of the laboratory. By means of the length changes 
corresponding to the temperature differences, we obtain the 
values for the linear thermal expansion coefficients (a). 

On the 29th day, after the vapor seal (tin casing) was removed 
from one of the two test specimens for each type of concrete, 
the temperature was Increased to 70°C in a warming cupboard 
so that one of the two specimens for each concrete could 
dry out. During the subsequent tests, up to an age of 122 
days, the length changes of the specimens were measured for 
temperature changes between about 70 and 5°C and used to cal- 
culate the thermal expansion coefficients. 
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Pig. '50. (Top): Central pore radii ^ function of 

age, (bottom): pore volumes (u^,) as aTunction of age measur 

on the matrix mortar from the calcite concrete of beams 1-3 
(left graph) and from gravel-sand concrete of beams ^-6 (right 
graph) . 

See key on following page. 
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Pig. 51. Development areas of. pore volumes (u,) and (Ujj) of 
the matrix mortars from the calcite concrete or beams 1-3 and 
gravel-sand concrete of beams ^-6 for age increments up to the 
28th day. 
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In order to obtain approximate values for the degree of 
shrinkage for the concretes in the hot regions of the beams 
characterized by high moisture losses, the vapoi seal was re- 
moved from the remaining specimen of each pair on the l40th 
day. Up to this time, these sptcimens had been stored vapor- 
tight at 70®C. The concrete was dried out at 105®C and the 
contraction caused by the drying was measured. These measure- 
ments continued until the concrete had reached an age of 
approximately 250 days. 

Three prismatic test specimens (measuring about 50 mm x 
10 mm X 10 mm) were used as samples to determine the linear 
thermal expansion coefficients (a) for each type of aggregate. 
These were cut like random samples out of pieces of rock, 
without taking into consideration the priveleged direction 
and dried at 105°C until a constant weight was reached. The 
measurements were made with a dilatometer (a mechanical trans- 
ducer with a flint glass rod and inductive displacement trans- 
ducer). The specimens were heated in this device from 20 to 
100®C at a constant heating rate. 


2. 4. 1.2. Measurement Results 


c Linear thermal expansion coefficients (a) between ^.2 x 
10“ and 5*3 X 10“^/®C were measured on the test specimens 
with calcite aggregate and the test specimens of quartzite 
material yielded expansion coefficients between 11.1 x 10~6 
and 12.0 x 10-6/°c. 

The strains due to shrinkage and contraction (e ) 
measured on the x 4 x 16 cm prisms are plotted in [s*] 

Pig. 54 for a period up to 100 hours after the concrete 
was poured, in this case for concrete with calcite aggregate 
corresponding to beam 2 and concrete with gravel-sand aggregate 
corresponding to beam 5. As mentioned in section 2. 2. 4, 2., the 
results of the experiments with the strain gauges in the beams 
were used for the connecting ^’alres up to the 28th day. 

For the concretes corresponding to beams 1, 2 and 3 and 
4, 5 and 6, Pig. 52 shows the thermal expansion coefficients 
(o) determined on the cylindrical test specimens plotted over 
the age of the concrete. After the 29th day, the values are 
plotted separately for moist ("with vapor seal”) and dry ("with- 
out vapor seal") concrete. The two bottom graphs of the figure 
show the mean values calculated for both types of concrete. 
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Pig. 52. Changes in the linear* expansion coefficient (a) of concrete 
with calcite (1-3) and gravel-sand (4-6) aggregate as a function of 
agej determined for temperatures between about 5 and 70°C on moist 
("with vapor seal") and dry ("without vapor seal after the 29th day") 
cylindircal test specimens 20 cm in length. 

See key on following page. 105 
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D. Mean for concretes ^-6 
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Pig. 53 shows the unit strains due to contraction (e) mea- 
sured on the cylindrical test specimens. These were obtained 
by decreasing the total strains by the temperature-induced 
portion (as described in the first paragraph of this section), 
whereby the ambient temperature of 20®C and the length measure- 
ment on the 6th day were used as reference points. Accordingly 
the contractions which occurred due to shrinkage up to this age 
are not shown in the graphs. The final degree of shrinkage ex- 
pected for the concrete corresponds approximately to the shrink 
age caused by drying at 105®C between the l^Oth and 150th day. 


2.4.2. Plexural Bending Strength and Compressive Strength of 


Cement Paste, Cement Mortar and Concrete 


2. 4. 2. 1. Measurement Method and Experimental Procedure 


In the test on test cubes of concrete it turned out that 
because of the spread of individual values the development in- 
fluenced by the processes in the cement paste cannot be adequately 
analyzed. Therefore, in conformance with the structural develop- 
ment studies, strength tests were also done on cement paste and 
cement mortar. 


The prisms of cement paste (cf. section 2. 1.1. 4.) for the 
flexural bending strength test based on DIN 1164 [3] were stored 
until the test time in a saturated calcium hydroxide solution. 

In accordance with DIN 1164, three prisms for each type of 
cement mortar (cf, section 2. 1.1. 4.) were used to test a cement 
sample for flexural tensile strength and compressive strength. 

The prisms were stored in water until the test dates. The con- 
crete cubes provided for the compressive strength tests measured 
10 or 20 cm on an edge. As mentioned in section 2. 1.2. 2., they 
differed only with respect to their storage conditions. After 
the 7th day some of them continued to be stored at approximately 
20®C and 100!? relative humidity ("moist storage"), the remaining 
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portion was stored at 20®C end 45U relative humidity ("dry 
storage"). The compressive strength tests were performed on 
the respective test days on three test cubes in each case 
as per DIN 10il8 [2], 


2, ^.2,2. Measurement Resdlts 

Pig. 54 summarizes the results of the flexural tensile 
strength (83) compressive strength (Pjj) tests on cement 
paste. 

Pig. 55 shows the flexural tensile strength and compressive 
strength values measured on cement mortars of three randomly 
sampled cement specimens, (cf. section 2, 1.1, 4.), Each symbol 
represents the mean of three«?individual values which, however, 
do not reveal any noticeable differences for the three cement 
samples so that mean value curves were drawn. 

The individual values of the compressive strength tests 
(83) on the concrete test cubes measuring 10 cm on an edge 
were adapted to the measurements for* the cubes measuring 20 
cm on an edge by means of shape coefficients. These were 
derived individually for each type of concrete from the 
compressive strength values of 10 cm and 20 cm cubes for ages 
of 28 and 180 days. The graphs in Fig. 56 summarize the 
results for the calcite concretes (beams 1-3) and the gravel- 
sand concretes (beams 4-6), Each symbol represents three 
individual values. The solid line indicates the change in 
compressive strength of the 20 cm cubes kept in "moist storage", 
while the dotted-line curve shows the change in compressive 
strength for "dry storage" conditions. 


^^^^^*^4erlstic Values Influence d by Heat /67 
and Moisture Conditions ^ — 


2,5.0. Scope of Experiments 

The development of the properties of the concrete in the 
beams is Influenced by heat-moisture processes. Conversely, 
heat and moisture conductivity are dependent upon the special 
features of the pore space and the solid structure. This will 
illustrated using as an example the Influence of temperature 
and moisture content on the mechanical properties as well as 
thermal conductivity. 
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Pig. 5^» Changes in flexural tensile -strengths (6 b) and compressive 
strength (3 d) for cement paste prisms (water/cement ratlo=0.20-0.55) 
stored in water, as a function of age. 


Flexural bending strength 
Compressive strength 
Cement paste 
Water/cement ratio 
Cement paste 
Age in days 
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Pig. 55. Changes in flexural tensile strength (3g) and compressive 
strength (pg) for cement mortar prisms as per DIN 1164 as a 
function of age (three different cement samples). 

Key: A. Flexural tensile strength 

B, Compressive strength 

C. Age in days 


2.5.1. Setting Up the Water Balances 


With respect to water content, up to the start of heating 
the beams form a closed system and afterwards, as a result of 
drying, they can only lose water, but not gain it, at the open 
face. This makes it easy to combine, in the form of balances, 
the local changes in water content over time and thus uniformly 
plot the data from section 2.2.3. 

Pigs. A 1-12 in the appendix show examples of the change 
in total water content and in the content of evaporatable water 
over time — measured at the measuring points for the moste im- 
portant measurement planes or the immediately ad.lacent measuring 
points. These relationships as well as the total water con- 
centrations before the start of heating, which were coordinated 
with the data in Table 4 for the individual beams, were used 
to set up the water balances (Pigs. 57 and A 21-3o of the appendix) 
for six age stages in each case. 
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Pig. 57. Water content balances plotted over beam length for 
beam 3 (calclte concrete) at an age of ^70 days and beam 6 
(gravel-sand concrete) at an age of ^121 days. The upper limit 
of the shaded areas corresponds to the mean initial water con- 
tent; marginal regions estimated (also see Figs. A 21-38). 
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A, Water content In % by volume 

B, Evaporatable water 

C, Non-evaporatable water 

D, Beam 

E, Days 

P, Distance from the heated face 


The total water concentrations at 23 measurement points (mea- 
sured with a neutron probe) over the beam length were united 
by straight lines into a distribution curve for this purpose. 

In the edge regions next to the ends of the beams this curve 
could only be estimated. (Even by means of the other measure- 
ment methods used, however, the quantitative determination of 
water concentrations in these regions was not without problems.) 
Since the amounts of evaporatable and non-evaporatable water 
are added in the distribution curve, the concentration of 
non-evaporatable water can be deduced by subtracting the evap- 
oratable portion (measured with the moisture measuring elements). 

The ”x" symbols plotted in Fig, 57 for beam 3 (^70 days) and 
beam 6 (421 days) correspond to the data from the measurement 
points along the middle of the beams, while the "V” and "A” 
symbols represent the results measured with the elements placed 
above and below this line (also see Pig. 5). In contrast to / 69 
the graphs in Figs. A 21-38 in the appendix, the water con- 
centrations measured after beams 3 and 6 were split are also 
plotted in Fig. 57, and in so doing the concentration of 
evaporatable water for the 17 beam segments examined were 
plotted in each case above the mean value for the non-evaporatable 
water (cf. step-like distribution curve). The values plotted 
for the concentration of non-evaporatable water (• symbols) 
resulted in a mean value of 5.0/S by volume for beam 6 and 6,2% 
by volume for beam 3 (dashed line). 

The mean value of the total water content of the beams 
before the start of heating is plotted above the curves for 
the evaporatable water. The shaded area serves as a reference 
value for the water content lost within the time of the experi- 
ment. In analogy to this, areas above the dotted mean value 
line are to be regarded as gains in moisture. 


2.5.2. Length Changes 


The results of the measurements of the length changes of 
the beams and of the different influences on the strain of the 
beams (sections 2.2.4. and 2.4.1.) can be summarized as follows 
with the help of a systematic graph. 

Pig. 58 shows the change in length of the beams relative 
to the start of heating on the 28th day (zero value). The solid 
line curve (lAl) represents the values measured with the Invar 
rod. It corresponds to the difference in length changes as a 
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Pig. 58 . Graph of length changes (A 1 ) of the concrete beams 
(reference value: start of heating on the 28th day). The solid 

line curve represents the total length changes (ZA 1) measured 
with the Invar rod. 


Length change 
Age (in days) 

Length change due to 
Temperature 

Shrinkage and contraction 
Contraction 


The decrease in volume due to shrinkage and contraction in 
the period after the concrete was poured is linked with hydration 
processes which are especially intense at the beginning. Since 
exothermic reactions are involved, these are responsible for the 
change in temperature and the resulting strains. From the shift 
over time of the temperature change maxlmums for the cement 
(Pig. 2) and the concretes (Fig. 9) if can be inferred that the 
temperatures of the concrete and the strains associated with 
these tempertures lag behind chemical processes. Above all, 
this is due to the fact that the mass of concrete at first 
heats up only slowly. After 24 hours, the concrete temperatures 
have passed through their maximum value and the elongation of 
the beams is again reduced. It can be estimated with the help 
of the thermal expansion coefficients (a) shown in Pig. 52. 




msmi 


At an age of 2^1 hours we arrive at a value of Alr0]«^5O ym 
(with a«5«8*10'“°/®C) for the calcite concrete ana Alro-i = 
750 pm (with a«a 10, 5*10“v°C) [sic'J] for the gravel-sand 
concrete. On the 28th day, the length changes due to heat 
are almost stopped. There remains a shortening due to 
shrinkage and contraction (A1 [s»t), which, as shown in Pig 
3^» amounts to about 100 vra/m*2.*l m=2t0 pm for both types 
of concrete. This contains a permanent component due to 
shrinkage in the early stage of hardening. 


After the start of heating, the influences of thermal 
expansion and of contraction and swelling overlap one another, 
during which time changes in volume also occur which are due 
to transformations or new formations of hydration products. 

The length changes due to contraction and swelling, linked 
with thermal variations and drying on the exposed face, 
can likewise be estimated by using the values measured with 
the Invar rod and calculated by taking the thermal expansion 
coefficients as a basis. Thus, for the period after an 
approximately linear temperature distribution was reached 
in the beam, e.g. on the 60th day, calculated length changes 
due to temperature were obtained which are only slightly 
greater than the values measured with the Invar rod shown 
in Pigs. 31 and 32, and indeed even taking into consideration 
the effects of moisture and temperature on thermal expansion 
(cf, [5^3). Prom this it follows that at this point in time 
the length changes due to contraction at the ends of the beam 
and due to swelling in the interior cancel each other out, 
which is also suggested by the corresponding water balances 
of Pigs. A 21-38 in the appendix. Only with progressive age 
does the influence of contraction on the total length changes 
increase, so that the corresponding proportion becomes greater 
and the two curves in Pig. 58 mcva increasingly father apart. 


Por the dry state, the expected values can be calculated 
by means of the degree of contraction for the concrete shown 
in Pig. 53 . ^ Por the calcite concrete this is not greater 
than 200 pm/ra and about 450 pm/m for the gravel-sand concrete. 
After four years of heating — which assumes complete drying — 
the beams of calcite concrete would accordingly show shrinkage 
contractions of about 500 pm and about 1100 pm for the gravel- 
sand concrete beams. Taking into consideration the length 
changes due to temperature, from these values we can calcu- 
late total contractions of about 100 pm for the calcite con- 
crete beams and 300 pm for the gravel-sand concrete beams 
relative to the start of heating. In ihls connection, as 
is obvious from Pigs. 31 and 32, the water/cement values for 
the concretes are especially important in the individual case. 




Ini' comparing the compressive strength values which were 
measured on cores from the split sections of beams 3 and 6, 
it turned out, at least qualitatively, that higher compressive 
strength values were present in beam 6 in the region of higher 
temperatures (cf. Pig. 38 in section 2. 2. 5. 2.), while the 
distribution of compressive strength values for beam 3 showed 
an opposite tendency. There was reason to attribute this 
contrary development to the limestone aggregate. Pig. 38 
shows that the compressive strength of the calclte concrete 
had obviously been impaired up to a distance of about 125 cm 
from the heated end (corresponding to 80° to about 50°C). To 
show that the moisture losses were directly connected to the 
heating effect, another 6 cores measuring 5 cm in diameter and 
5 cm in length were removed from sections K/L to Q/X of beam 
3 whose changes in moisture content had apparently remained 
unaffected by the heat. The pressure-bearing surfaces of the 
cores were smoothed with cement mortar. Three cores for each 
section were stored for 50 days at 70°C and about 100$ relative 
humidity until being tested for compressive strength along 
with the other cores in the moist state. 


Pig. 59 compares the results of the compressive strength 
test on the specially stored specimens and the remaining 
specimens. The top graph shows the temperature distribution 
in the beam and the type and duration of storage treatment, 
spite of the expected large deviations which occur in the com 
presslve strength test on small test specimens, it is clearly 
obvious that the temperature treatment led to a reduction in 
compressive strength. 


Thermal Conductivity and Water Content 


The amount of heat flowing through the beam from the heating 
plate during the experiment can be used to determine the thermal 
conductivity of the concrete provided that we may assume that 
the amount of heat carried through the beam cross-section is 
constant and Independent of its distance from the heated end 
and that the flow lines of the heat flow run parallel to the 
long axis of the beam. 


According to the theory of heat conduction in solid bodies 
[68], the heat flux density (q) is proportional to the effective 
temperature gradient (grad 0) with the thermal conductivity 
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(X) as a proportionality factor; UHM<1 

q • A (-Bi'm; ) (5 ) 

The difference equation for the two-dimensional case Is written 
as follows; 

. ji 

-^irr ( 6 ) 


with , e.p. for successive measurement planes and 

1 belns the distance between the measurement planes. 

The heat flow (|?) which occurs durlnp time (t) In the di- 
rection of the temperature drop la given by the quantity of 
heat (Q) with the cross-section (F): 

A 1 

I ■ ► ■ (t: 

The assumptions applicable when using the above equation, 
namely that no heat may be lost or added at thti sides and, 

In particular, also that the body throug)\ which the heat 
flows must act homogeneously and isotropically, could he 
satisfied In practice only approximately. On* the one hand, 
even by using a thicker layer of thermal Insulation with 
greater thermal resistance and a denser arrangement of coutiter- 
heatlng strips. It would not have been possible to completely 
exclude the impairment of heat conduction by edge effects. 

On the other hat\d, with the increasing age of the concrete 
and as a result of changes In Its caloric properties caused 
by drying and humidification, we had to expect an impalimient 
of the temperature field, l,e. the heat flow. These- effects 
were Important throughout the entire time of the experiment 
after the start of heating. Turing the l\eatJng-up phase. 

It was to be expected that considerable quantities of heat 
would be taken up by the concrete and the materials of the 
experimental apparatus, depending on the thermal oapacltv, 
during the development of the temperature field and that' 
as the temperature Increased, the he>at balance would be 
affected by physical and chemical processes. 

Apart from the simplifications to be made in calculating 
the thermal conductivity. It was assumed that the heat flux 
density measurements would provide Information on the changes 
in the temperature distribution and moisture distribution. 













As is obvious from the changes in heat flux density 
shown in Pig, 14 and from the temperature distributions 
over beam length in Pigs, 11 and 12, almost stationary con- 
ditions for the heat flow can obviously be counted on for 
concrete ages above about 140 days, so that Eq, (7) could 
be used to determine the heat conductivity for the individual 
beam sections as a function of the age of the concrete. For 
the 17 sections, after taking into consideration a correction 
factor determined on the basis of heat flux density control 
measurements— in particular, on the exposed end of the beams — 
we obtained the characteristic (q*Al/A0) values for beams 
2 and 5 in Fig. 58 [sic.] as a function of the age of the 
concrete. For the reasons already discussed, the fitted 
curves are to be regarded as influx curves for the quasi- 
stationary case (about after the l40th day) and — like the 
equations derived below— are to be regarded as approximations 
because of the simplifications described. With gradual drying 
until all of the evaporatable water has been lost, the thermal 
conductivity as a function of water content may be derived 
for temperatures between about 20° and 8o°C for each beam 
section using such heat conductivity values as plotted in 
Fig. 60 — assuming stationary conditions. As the water balances 
(Figs. 57 and A 23, 26, 32 and 35 in the appendix) .show, the 
beams had not yet sufficiently dried out, however, to make such 
an evaluation worthwhile. By contrast. Fig. 6l — in which the 
heat conductivity values as a function of water content have 
been plotted, but without taking temperature into considera- 
tion — clearly shows that the data are concentrated primarily 
in the region of high water content. Closer examination of 
their association with certain temperture ranges revealed 
relationships which corresponded to the heat transmission 
equation in moist substances explained by Krlscher [59], 
Accordingly, beside heat conductivity, processes in the solid 
structure dependent on moisture content and temperature must 
be distinguished. So water vapor diffusion is responsible 
for the Increase in heat transmission in moist substances in 
comparison with dry substances in the hygroscopic range. The 
heat conduction caused by vapor diffusion is strongly dependent 
on temperature and, under normal pressure conditions at tem- 
peratures above 59.3®C, exceeds the heat conductivity of water. 
Higher values are given by other authors (e.g. [94]). 

The graph in Pig. 62 taken from [59] illustrates the 
phenomena mentioned. It shows the dependence of heat conO 
ductlvity on moisture content for temperatures 0<59°C (case 
a) and 0>59®C (case b). Accordingly, for moisture concentra- 
tions between the dry and water-saturated state of a substance, 
different values for heat conductivity are to be expected. 

While the curve for temperatures 0<59®C constantly rises 
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Fig, 61. Graph of heat conductivity 
(X) as a function of total water 
content for temperatures between 
about 20®C (curve A) and about 80°C 
(curve C) for calcite concrete (beam 
2) and gravel-sand concrete (beam 5) 
with fitted curve (B). Also see 
Fig, A 39. 


Key; A. Heat conductivity 

B , Beam 

C, Total water content 
in % by volume 
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Pig, 60. Calculated heat conductivity values (q.Al/A6) for 
selected sections 0/A,., P/Q of beams 2 and 5 as a function 
of age. 


Key; A, Calculated heat conductivity 
values 

B. Center distance of the 
elements from the heated face 

C. Beam 

D. Start of heating 

E. Age in days 
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Pig. 62. Characteristic heat conductivity CX) curve for moist 
substances at different temperatures, after Krischer. 

Key: A. Heat conductivity 

B. Dry 

C. Moisture content 


(case a) for temperatures 0>59°C it reaches a maximum in the 
region of the so-called hygroscopic moisture cont^r\t [27] and 
decreases with Increasing moisture content. For 0=59° C, it 
remains constant after reaching the hygroscopic moisture content 
maximum. 

Since the pore system is heterogeneous and, for example, 
in the hygroscopic range diffusion transport does not take place 
in all pores, the actual path of such measurement curves is 
smoother than suggested by the graph in Fig. 62 Uf. [60]), 




The estimated curves A and C in Fig* 61 Indicate the expected 
curves for calcite concrete (beam 2) and gravel-sand concrete 
(beam 1) for temperatures of about 20®C and about 80°C re- 
spectively, Curve B, which is also plotted in the graphs of 
Fig. A 39 of the appendix for beams 1, 3 and 4, serves as an 
auxiliary curve. It was obtained by means of a nonlinear 
regression (third order polynomial) with the help of a computer. 

The results of the heat conductivity measurements (after 
the test specimens were dried at 105°C until a constant weight 
was reached) plotted in Fig. 63 were included in the graphs of 
Fig. 6l. It turned out that there was no dependence on 
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Fig. 63. Heat conductivity (1) as a function of temperature, 
measured in accordance with DIN 52 6l2 on dried specimens. Mean 
values for calcite concrete (beam 2) and for gravel-sand concrete 
(beam 5). 


Key; A, Heat conductivity 

B. Mean specimen temperature 
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temperature for the temperature ranges from 18° to ^l8° or 
64®C in the measurements made in the plate device, as per 
DIN 52 612 E7], on test specimens measuring 5 cm thick and 
50 cm long. Because of this, the mean values of these 
measurements of 1.^2 W/ra’K for the calcite concrete and I .85 
W/m*K for the gravel-sand concrete were plotted in the graphs 
in Pig. 61 . The boundary lines (vertical, dotted lines) for 
the water-saturated state were estimated on the basis of total 
water content curves, like those shown in the examples of 
Pigs. A 1-12 of the appendix. They represent the maximum 
water content achievable under the special temperature and 
moisture conditions. In conclusion, it should be noted that 
in the case of the actual shape of heat conductivity curves 
starting from the dry state, an initially slow rise and then 
a sharp rise is recorded becasue the effect of vapor diffusion 
in the pore space Increases. 


3 . Discussion of Test Data 


3.1. Thermal Processes in the Concrete Beams 


3.1.1. Heat of Hydration Effect 

As a result of the heat of hydration, temperatures of 
nearly 60®C were reached in the concrete (Pig. 9), although 
the beams were not provided with thermal insulation on top. 
Pig, 2, which compares the change in temperature of a blast 
furnace cement HOZ 350 L with that of Portland cement ^50 P 
used in these experiments, reveals that the Portland cement, 
in spite of the comparatively small heat of hydration of 
273 J/g after 7 days for cements with high Initial strength 
(also see the Table in [95]), shows intense production of 
heat within the first 8 hours after the concrete is poured. 
Thereafter the temperatures drop rapidly and already after 
about 20 hours they lie below the temperatures of the HOZ 
350 L cement. Even if we consider the fact that the cement 
paste will show comparatively high strength values in the 
first hours, the structural stresses resulting from the in- 
crease in temperature surely have an adverse effect on the 
properties of the matrix. This is especially true for the 
concrete with the calcite aggregate, whose thermal expansion 
coefficient is about twice as small as that of the cement 
paste (cf. section 3.^.). Moreover, in the case of massive 
structural members, problems will especially arise due to 
the fact that, because of the irregular temperature distri- 
bution, stress states must be expected during the initial 
hardening phase [ 96 ]. 


3«1.2. Heating Effect 

Inunediately after the start of heating on the 28th day, 
the temperatures in the beams nearly matched the ambient 
temperature (Pig. 9); only the core regions still showed 
slight differences up to a maximum of 2,5°C, After the 
start of heating, the temperatures in the measurement planes 
continue to rise in the measurement planes, depending on the 
distance from the heated surface (Pigs. 11 and 12). Since 
heat losses on the long sides are largely compensated for 
by means Of the heating strips in the thermal insulation, 
a nearly straight-line temperature distribution over the 
beam length is established in all of the beams at an age 
of about 50-60 days. Pigs. 11 and 12 show about the same 
temperature differences (corresponding to a temperature 
gradiant of 0.25°C/cm) between the measurement planes. They 
do not reveal specific differences for the types of concrete 
and the water/cement ratios. A striking feature which in- 
dicates the sensitivity of the experimental apparatus is 
that the set-point corrections, which had to be made on the 
heating plate regulators, are passed along through* thfe beams 
in the form of fluctuations in the temperature curves. As 
expected, neither do the graphs of Pig. 13 reveal differences 
in the temperature distributions as a function of age, but 
it is clear that for all of the beams there is a "take-off 
region" next to the heated end which covers a section of 
the beam measuring about 7 cm (section ©/A) and shows a 
slight bend in the temperature distribution curves. 

As already pointed out (section 2.2.I.2.), the locally 
somewhat higher temperatures in the lower regions of the / 75 

beam cross-sections can be explained by the influence of 
gravity on the moisture distribution. As Plhlajavaara [97] 
has shown experimentally, gravity Influences moisture con- 
duction in cement mortar. Accordingly, an increase lit the 
moisture content from top to bottom — even if slight — would 
also be expected within the beam cross-sectlcns which, for 
example for temperatures below 60°C, would lead to an in- 
crease in heat conductivity (cf. section 2.5.^.) and con- 
sequently to a change in the temperature field. In the 
context of a theoretical study of this phenomenon, Plhlajavaara 
and Ranta [98] also discuss the importance of the pore structure 
in this connection. Lykgw [99] reports, for example, that 
in pores with radii < 10*^ nm, the influence of gravity can 
be ignored with a degree of accuracy of 6 %, In our experiments, 
it is assumed that, above all, density differences within the 
concrete also overlie the Influence of gravity, so that a 
relationship cannot be directly demonstrated. To be sure, 
the measured values of the content of evaporatable water in 
planes provided with two moisture measuring elements also 




Indicate a locally greater concentration in the lower regions 
of the cross-sections, (see, for example. Figs. A 30~38 of 
the appendix for the gravel-sand concrete beams). 

The change in heat flux density as a function of age 
shows clear differences (Pig. IM which — since the experi- 
mental conditions were identical for all the beams — may likely 
be a function only of the type of concrete and the water/cement 
ratios, so the heat flux density for the beams with calclte 
aggregate is smaller by about 25? with respect to those with 
gravel-sand aggregate after the heatlng-up phase. In addition, 
the heat flux density Increases as the water/cement ratio in- 
creases, and obviously more so in the case of the gravel-sand 
concretes than the calcite concretes. All of the curves show 
the same characteristic shape, which may be interpreted as 
follows. 

The initial high heat flux densities occurring after the 
start of heating are primarily due to the fact that the concretes 
and the evaporatable water contained in them "capacitlvely” ab- 
sorb heat when the temperature distribution is built up. This 
process is largely completed after 50-60 days, so that only 
the heat carried to the exposed end is given off by the heating 
plates onto the beams, i.e. the sharply falling curves break 
off. After a few days, however, they rise again and then after 
reaching a maximum obviously tend towards an as;*mptotlc equilib- 
rium state. The at first unexpected shape of all of the curves, 
coupled with the appearance of a minimum, towards the end of 
the heating-up phase suggests that the heat flow is impaired 
by exothermic processes which emerge as heat sources in the 
concrete. In the first place, these obviously involve pro- 
cesses accelerated or first introduced by the increased tem- 
perature. According to Kuhl [100], we have to "imagine hydraulic 
hardening as a process in which an energy-rich, unstable system 
changes into a lower-energy, more stable system," At tempera- 
tures above 20° or 30°C, but particularly during the so-called 
hydrothermal hardening, these are essentially the same processes, 
however the solution equilibriums are expected to be shifted 
and the reaction accelerated, during which the production of 
heat Increases, After reaching the above-mentioned temperature 
gradient, the reactions do not suddenly come to a stop, but 
slowly slow down — as shown in Fig. l^i — up to about the 120th 
day where the heat flux density curves drop only slightly and 
then correspond approximately to a straight line, the slight 
slope of which is basically due to changes in heat conductivity. 

The thermal processes in the beams from the start of 
heating onward can thus be schematically subdivided into three 
periods. The first period, the heating-up phase, is finished 
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after about 50-60 days when an approximately straight-line 
temperature distribution has become established in the longi- 
tudinal direction of the beams. The end of the second period, 
at an age of about 1^0 days, is characterised by the fact that 
the concrete Itself can be considered free of heat sources. 
This is followed by the third period, characterised basically 
by drying processes, and in view of the fact that structural 
changes in the cement paste are now perceivable only over 
longer intervals, it can be regarded as ’'quasi-statlonary” . 


3.2, Moisture Processes in the Concrete Beams 


3.2,1, Moisture Content and Chemical Bonding of Water 

Following the terminology of Powers and Brownyard [1^], 
the distinction used between evaporatable and non-evaporatable 
water conceals — as already mentioned— certain uncertainties 
due mrin]y tc the fact that as a result of drying at 105®G 
the water bound adsorptlvely in the pore space cannot be 
completely removed. 

In section 2.3.1., a thermogravimetric method was used 
to analyse the dehydration behavior of cement paste during 
heat treatment. The cement paste was stored in a saturated 
calcium hydroxide solution until the test dates. Accordingly, 
the pore space can be regarded as being nearly filled with 
water. Even the water consumed by hydration could be re- 
placed. With I’espect to the data plotted in Fig. 40, it 
must be taken into account that moisture losses cannot be 
avoided even when extreme care is exercised during the 
crushing of the test material (200 mg) for the thermogravimetric 
analysis. Since primarily capillary water is released after 
the material is crushed, the cement paste with the highest 
water/cement ratio also shows the greatest error, l.e. the 
curves shown in the right-hand graph of Fig. 40 for 20°C for 
cement paste with water/cement ratios of 0.3, 0.4 and 0,5 — 
which respresent the sum of all weight losses up to the final 
weight of 700®C — are in reality higher, depending on the water/ 
cement ratio. In view of the comparison with the results ob- 
tained in connection with the heat treatment, it should be 
pointed out that the reference tempei’ature is 1000°C in the 
case of the heat treatment, which obviously produces a some- 
what greater loss in comparison with the final temperature 
of 706®C in the thermogravimetric analysis. 

The curves in the right-hand graph of Fig. 40 were based 
on measurement routines like that fehown in Fig. 39. The 
reference temperatures were no^“ chesen arbitrarily, but they 
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delimit characteristic dehydration processes which are super- 
imposed by a continuous course of dehydration. 

For the most part, the water expelled between 20° and 110°C 
is free water and to some extent adsorptively bound water. 
Czernln [101] refers to the fact that at temperatures around 
105®C the gel water is also completely expelled. In addition, 
longer temperature treatment, even below 100°C, leads to 
transfonnatlon of the calcium sulfoaluminate hydrates (ettrin- 
gite, monosulfate) with the release of water [102], i.e. it 
leads to losses which, in view of the calcium sulfate content 
of the cement listed in Table 2, cannot be ignored. 

Above 100°C, the weight loss curve in Fig. 39 is flatter, 
but to begin with with a nearly constant aslope:. Moreover, 
adsorptively bound water is certainly also involved to a 
small extent in the weight loss between llO^C and 155°C 
(Pig. 40), but above all, water from the calcium silicate 
hydrates (CSH phases) is also increasingly Involved, since 
the pore water is already completely expelled. This dehydra- 
tion curve, characterized by an initial sharp rise followed 
by a leveling off of the weight loss curve above 155® C 
(Fig. 39), is confirmed by an estimate made by Harmathy [63] 
on the basis of thermogravimetric and differential thermal 
analyses. Thereafter the temperature-dependdnt change (corres- 
ponding to the differential quotient formed from the reaction 
time and temperature) of the CSH phases Increases sharply 
above 100°C in an Idealized cement paste and reaches a maximum 
between 150° and 200°C. According to an article by Ramachandran 
[103], a product obtained by complete hydration of CoS gives 
off the intermediate layer water of the tobermorlte-llke phase 
between 170° and 210°C. According to Lea [104], a substantial 
portion of the dehydration devolves on calcium alurainate hy- 
drates (CAH phases) in the range up to 200°C. 

The CSH phases give off water with increasing intensity 
between 200°C and 650°C, after which dehydration again in- 
creases and comes to a stop above about 800°C [63]. Water from 
the CSH phases is basically responsible for the weight loss 
shown in Pig. 40 up to 430°C (the sharp rise of the weight loss 
curve in Pig. 39 Us due to the high heating rate up to 380°C). 
The weight loss starting immediately above 430°C, which is 
characterized by an abrupt rise in the curves shown in Fig. 39 
end In Fig, 40 is marked by a Jump for the curves within the 
430°C temperature stage, is caused by the conversion of calcium 
hydroxide (Ca(0H)2) into calcium oxide (CaO). 



According to Fig, AO, the weight losses after the break- 
down of the calcium hydroxide, i.e, up to the 570°C temperature 
stage, are still only small. What may be happening here is 
that water is continuously being given off from the CSH phases 
(see above), as suggested by the flat course of the weight 
loss curve'in Fig. 39. The subsequent rise again matches the 
data in L633, according to which up to about 7Q0°C a second 
maximum occurs in the temperature-dependent variations in the 
CSH phases. The water content, which is no longer measured 
in the thermogravimetrlc above 700®C, would be estimated at 
about 15? of the reaction amount caused altogether by the 
calcium silicate hydrates. 

Harmathy, in his estimates for an Idealized cement paste 
which he uses to evaluate thermal properties of concrete, starts 
with the simplifying assumption that only two components are 
involved in the dehydration process, namely CSH phases and 
calcium hydroxide. All components of the cement paste con- 
tribute to the more or less continuous I'elease of water. 

Apart from the already mentioned calcium sulfoaluminate 
hydrates, which are converted at comparatively low temperatures, 
magnesium hydroxide (MgCOH)^), among other things, which as 
a rule is present only in a^ small amount, gives off water 
below 200°C. As Kuhl states [105], magnesium hydroxide is 
no longer stable at 190®C, where its dissociation pressure / 77 

reaches atmospheric pressure. Czernin [106] states, for 
example, that what occurs first is dehydration of the hydra- 
tion products containing alumina and iron oxide between about 
250® and 350°C, in the process of which, calcium silicate hy- 
drate loses only about 20? of its water component, while the 
main portion escapes betweer il00® and 700®C. 

The stability of the hydration products of the cement 
paste is a jfunction of temperature and vapor pressure con- 
ditions. Additional references can be taken from the litera- 
ture [107, 108]. In this connection it must be borne in mind 
that the temperature ranges indicated by many authors depend 
on the special experimental conditions in each case. For 
our purposes, the estimate made of dehydration behavior [ 63 ], 
which is qualitatively confirmed by the data plotted in Figs. 

39 and ^10, should be sufficient. 

From the data plotted in the left graph of Fig. ^0 for 
heat treatment at 105®, 550® and 1000°C of cement paste with 
water/cement ratios between 0,20 and 0.55, the following 
supplementary remarks can be made. 


The weight loss at 1Q5®C (differences with respect to 
the 20®C lines) becomes smaller with increasing age, above 
all for water /cement ratios >>00,4, which, among other things, 
indicates the decrease in pore volume as a function of age. 


The weight loss at 550°C (differences with respect to 
the 105®C lines) obviously also increases with the water/ 
cement ratio. This may be due to the fact that to begin 
with the hydration tendency becomes greater with an increasing 
supply of water, so that more water is chemically bound per 
unit time Cl5]. More important, however — and this is also 
verified by the approximately parallel path of the curves 
at the same distance apart — is that for water/cement ratios 
<0,4, there is an increasing residue of non-hydrated clinker 
granules which do not contribute to the chemical bonding. 

As already shown with respect to the thermogravlmetric analysis, 
a portion of the adsorptlvely bound water is also contained in 
this weight loss. 


The rest of the weight loss at 1000°C is basically due to 
the release of water by CSH phases. 


With respect to the method of determining the content of 
evaporatable water by heat treatment at 105°C, it can be said 
that this method does not measure a portion of adsorptlvely 
bound water which cannot be more precisely defined. On the 
basis of the weight loss curves, however, it can be inferred 
that this proportion is small in comparison to the amount 
of water released by CSH phases above 100°C. By means of 
further heat treatment at 500°C, the substantial portion of 
the water contained in the CSH phases as well as the hydroxyl 
water content of Ca(0H)2 are expelled. However, this method 
does not determine the final dehydration of the CSH phases, 
which correspond approximately to the weight loss of 3 % 
within the temperature range from 570° to 700° shown in the 
right-hand graph in Pig. 40. 


In spite of the overlapping dehydration processes, the 
evaporatable water (i.e. free water + adsorptlvely bound 
water) is therefore comparatively well represented by the 
loss due to drying at 105° 0, By contrast, the error in 
the determination of non-evaporatable (i.e, chemically bound) 
water by heat treatment at 550°C is obviously greater. Since 
matrix mortars with limestone aggregate were also to be in- 
cluded in the experiments, a temperature greater than 550°C 
could not be chosen because of the risk of thermal decomposi- 
tion of CaC 03 . In this respect, neither could the approxima- 
tion method for cement paste suggested by Cs^ernln E109] be 
used here. 









3*2.2. Effects of Hydration and Moisture Conduction on Water Content 


3.2.2.x. Changes In a Closed System 


The fresh bulk densities listed in Table 3 were measured 
on six sets of cubes for each of the concretes used to make 
beams 1-6. These values can be applied to the beam concretes 
only if the special compacting conditions are taken into 
account. The dry bulk densities given in parentheses in the 
upper half of Table for the six beams were therefore estimated 
on the basis of the composition of the concretes and the weights of 
fresh concrete allowing for a concentration of chemically bound 
water of about 20 % of the weight of the cement. For beams 3 and 
6, the values are approximately equivalent tc the mean values 
found for the samples of the beam concrete as described in 
section 2.5.5. (Table line 1)^ whose standard deviation 
of s=±0.13 kg/dm3 is about equal for both beams. The degree 
of compaction obtained in a beam is a determining factor for 
the actual total water content of the concrete (line 3, Table 
4). This remains the same until the start of heating on the 
28th day, during which time, however, the ratio of evaporatable 
to non-evaporatable water changes due to hydration (beam 1 
shows strongly pronounced local differences in compaction and 
is therefore not to be regarded as characteristic). 


That the proportion of non-evaporatable water between the 
third and 28th day increases only slightly is shown in Fig. 42 
for the matrix mortars from the calclte and gravel-sand concrete. 
In these graphs, the data for beams 1-3 and 4-6 were combined 
because differences as a function of water/cement ratios could 
not be detected. Comparison of the two i.long dash) curves re- 
veals that the content of non-evaporatable water of the calclte 
cement, which is primarily due to the high cement content of 
the calclte concretes (cf. Table 3) and is found in a comparable 
order of magnitude in the beam concretes themselves (cf. Figs. 

57 and A 21-38 of the appendix) [sic.]. The two curves in 
Fig. 42 extrapolated up to an age of 180 days (short dashes) 
indicate that under constant temperature and moisture conditions 
after the 28th day, practically only a small increase would be 
expected. As is obvious from Fig. 40, the hydration reactions 
beyond l80 to 360 days increasingly come to a stop. 

Fig. 4l gives a differentiated impression of the change 
in moisture content up to the 28th day. Since up until the 
start of heating the system can be regarded as closed and 
the matrix mortar test specimens show practically no changes 
in weight between the first day and the test date, the maturation 
progress of the concretes can be inferred from the graphs of 



Pig* ^1, Obviously in the case of beams ^<-6, the decrease in 
evaporatable water content between the 3rd and 28th day is 
greater, the higher the water/cement ratio, i,e. the amount 
of chemically bound water increases as the water/cement ratio 
increases. The curves for beams 1-3 reveal a corresponding 
tendency. The determination of non-evaporatable water content 
by drying at 550®C can only be used for purposes of comparison 
because of the reasons explained in section 3.2.1. 


2.2.2. Changes After the Start of Heat in; 


3. 2. 2. 2.1. Moisture Losses Due to Dryln; 


The total water content on the 28th day is listed in the 
upper half of Table ^ for the six beams. The dlstrlbutulon 
profiles in Pigs. 25 and 26 reveal that the distribution 
curve deviates up to about ±0.5? by volume from the mean 
values. In the case of beam 1, the deviations are greater 
because of the reasons explained in section 3.2.2. Such 
variations in the total water content are linked with varia- 
tions in bulk density in that a higher content of evaporatable 
water shows up at points with a greater pore volume. 


With the start of heating, the release of moisture takes 
place unidlrectlonally through the exposed end of each beam. 
According to Pig, l6, the calclte concretes differ from the 
gravel-sand concretes in this respect in that they have lower 
initial losses. Thereafter, the curves are qualitatively 
the sane. 


The initially high weight losses are caused by the release 
of moisture at the exposed end — processes which correspond to 
the characcerlstlc drying curve described by Krischer [110]. 
Thereafter, given a constant drying rate, water is first of 
all carried to the surface (exposed face) by capillary con- 
duction until the moisture content at the surface becomes 
zero. This is connected with an "inflection point" in the 
drying curve, the drying rate decreases and the "drying level" 
moves into the beam interior, the drying rate is a functln of 
external conditions (moisture content and flow velocity of the 
air) which may be regarded as Identical for the six beams. 

The capillary properties of the concretes are a determining 
factor for the appearance of the inflection point. In Pig. 
l6, the change in drying rate for age stages between about 
35 and 55 days is indicated by a "deflection" in the weight 
loss curves, in which connection a dependence on the water/ 
cement ratio of the cements, which is responsible for the 



formation of the capillary pore space, can be detected. The 
perspective graphs of Figs, 28 and 29 (and of Figs, A 13-16 
of the appendix) confirm this relationship. For all of the 
beams, the total water content of the space coordinate lying 
closest to the exposed face (distance from the heated face = 

230.6 cm) changes immediately after the start of heating 
(also see the change in evaporatable water content plotted 
in Pigs. A 1-12 of the appendix for the space coordinates 
in question). The shape of the curves in Pig. 16 must not 
obscure the fact that the appearance of the inflection point 
does not coincide in time with the end o f the heating-up phase. 

The beam sections Involved in the release of moisture indeed 
experience an increase in temperature, but the quasi-stable 
state (cf. section 3.1.) is not yet reached. After the de- 
flection of the curves, the weight loss tends to be a linear 
function of age. An expected continuous loss, in accordance 
with the theory for a unilaterally drying body [110] (with 
capillary hygroscopic drying characteristics) may indeed 
exist, but this is superimposed by a thermally induced moisture 
^ supply so that the weigh*- loss curves rise almost in a straight 

line. The beams with gravel-sand concretes now obviously show 
slightly different drying rates and, to be sure, these appear 
to be all the greater, the higher the water/cement ratio. This / 79 
is not surprising, since the permeability of the pore system 
increases with the proportion of excess water which is a function 
of the water /cement ratio. 



As the water balances of Pigs. A 21-36 in the appendix 
show, the distribution of evaporatable water in the beam section 
at the exposed end changes only slowly after the inflection point 
is reached. To the extent that this can be detected, it is caused 
by drying in the region of the hygroscopic moisture content. 

The weight losses are due to processes in which moisture, as 
a result of the heating, is carried from the beam Interior to 
the drying front which advances only very slowly in the beams. 

If, to begin with, we ignore the problem of the chemical binding 
of water influenced by the Increase in temperature, then these 
thermally Induced processes can be Interpreted as described 
below on the basis of changes in the total water content (Figs. 

28 and 29 as well as the corresponding water balances of Pigs. 

A 21-36 of the appendix). 


3. 2. 2. 2, 2. Interpre ta tio n of the Drying Curve* Under the Effect 
of a Temperature Gradient 


D;, the addition of heat, the water is placed into an 
excited state relative to the start of heating and depending 
on the tempei'ature level reached. In particular, this results 
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So the initially marked fluctuations in total water content 
are presumably to be explained by the fact that different types 
of transport phenomena, changing with time, prevail within 
small regions of the beams so that, for example, concentrations 
of free water transported in the direction of a pressure gradient 
are reversed by capillary conduction in the opposite direction. 
Especially large variations in the total water content are found 
in the case of beam 1, which confirms the obvious assumption 
that these are primarily caused by local differences in the 
degree of compaction of the concrete. Regional variations in 
bulk density of this sort can practically not be avoided in 
concrete and, above all, influence the proportion of lerge 
pores. At this point it should be pointed out that what is 
involved here are certainly variations in the content of free 
water which, in accordance with Pig. 20, are indeed also measured 
by the moisture measuring elements, but because of the simplified 
plotting in Pigs. A 1-12 of the appendix they are evened out. 

The water absorption values (A) plotted in Fig. 37 for beams 
3 and 6 may be used as a measure of the pore volume and the 
expected variations in density of the calclte and gravel-sand 
concretes. 


Superimposed by the fluctuations, the change in total water 
content — i.e. the "large-scale" detectable processes whose 
effect is shown by the weight loss curves of Fig. l6 — tends at 
first to fall linearly up to a concrete age between about 150 
and 300 days. This can clearly be seen at the space coordinates 
in the immediately vicinity of the heated end. In this section 
the drying rate is constant. Thereafter it decreases and slowly 
goes to zero. 


Pig. 6^1 shows a schematicized plot of the drying curve as 
derived from Pigs, A 1-12 of the appendix for space coordinates 


in greater mobility of the water molecules. This system, 
is in a state of energy disequilibrium, is striving towards a 
new equilibrium state. The disequilibrium is characterized by 
pressure and concentration differences which first of all 
try to balance themselves within the Immediate environment, 
but they also represent the driving force for the "large-scale" 
moisture conduction coming into operation towards the exposed 
end of the beams. 
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Fig. 6i|. Diagrams of the change In total water content at 
distances of 8.3, 11.0 and 52.0 cm from the heated end of 
beams ^-6 and 1-3 (derived from Figs. A 1-12 of the appendix) 


Total water content 
Age in days 
Gravel-sand concretes 
Calclte concretes 
Beam 


8.3, 11.0 and 52.0 cm. The age of the concretes is plotted 
along the abscissus, and the total water content along the 
coordinates. Up to the 28th day, the total water content is 
constant, at first Increases after the start of heating and 
then falls off linearly. The greater the distance of the 
measurement point from the heated end, the later the inflection 
point of the curves appears. The Increase in total water con- 
tent which occurs immediately after the start of heating also 
becomes greater as the distance of the measurement point from 
the heated end increases, and Indeed until the available pore 
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space has been completely filled with water. 

The drying rate of the subsequent (straight line) sections 
(Pig, 6^), is obviously different for the concretes — as can 
be inferred from the different slopes (tg a) and lengths of 
the straight-line portions of the curves— and moreover it 
is also a function of the location in the beam, l.e. tempera- 
ture as well as the special properties of the pore system 
affect the drying curve. The section of constant drying rate 
ends when the larger pores are empty and the hygroscopic water 
content must be released. Since this water content, which is 
composed of free water in the tight pores and adsorptively 
bound water, is only slowly or only partially reduced in 
volume, drying of all the evaporatable water is not to be 
expected in the period of the experiments even for the heated 
end with a temperature of 0e8O®C (cf. the water balances In 
Pig. 57). 


Pig. 6^1 clearly shows that for space ccoi'dinate 52.0 cm 
for both types of concrete, the period of constant drying rate 
has not ended even at an age of ^50 days. As the distance from 
the heated end Increases, the drying rate becomes slower and the 
transition to the period of decreasing drying rate is less pro- 
nounced, The drying curves for beams 2 and 3 as well as ^ and 5 
are obviously largely similar. They show about the same slope 
and are apparently shifted with respect to one another only by 
an amount determined by the respective water/cement ratio. Since 
the same temperature conditions prevail at coi’responding space 
coordinates, similar transport properties can be expected for 
the period characterised by the constant drying rate. Variations 
may exist, however, in view of the hygroscopic region, a fact 
which can also be deduced from the different duration of the 
periods along the time axis. Accordingly, differences in the 
pore structure of the two concretes (primarily in the region 
of small pores) which affect the drying behavior are to be 
expected. 


2. 2. 2. 3. Non-evapo ratable Water 


The water balances (Figs, 57 and A 21-38 of the appendix) 
were set up to supplement the water content curves of Figs. A 
1-12 of the appendix for the purpose of illustrating the in- 
fluence of temperature and moisture conditions on the hydration 
reactions. Because of the failure of a few moisture measuring 
elements, only a few measurement points are available for 
beams 1-3. Therefore, the analysis is essentially limited to 
the distribution of non-evaporatable water in beams l<-6. On 
the whole, these beams do not reveal considerable differences. 













It Is possible that the long-lasting supply of evaporatable 
v^ater leads to a slightly higher content of non-evaporatable 
water, which of course is not to be expected in the hot re- 
gions of the beams — even with a sufficient supply of moisture — 
since crystalline formations arise earlier here which have a 
lower water content [111], This tendency can also be in- 
ferred from Pig. which shows a decrease in the content 
of non-evaporatable water at a greater age for the matrix 
mortar of both types of concrete, and this is Independent 
of the local temperature conditions. The striking increase 
in the content of evaporatable water found immediately after 
the start of heating for the calcite matrix mortars might 
be linked with the fox*matlon of microcracks discussed in 
section 3.^., Insofar as these cracks were available for 
absorbing water transported from the hot region. The non- / Pi 

evaporatable water content measured last of all on concrete 
specimens from beams 3 and 6 ( ■ symbols) show only small 
variations. The mean values corresponding to tliese data 
ax'e plotted in ail of tlie water balances (long-dash lines). 

They lie somewhat below the actual content for the reasons 
discussed in section 3.2.1. pertaining to the method used. 


3.2.3. Comparison of Fesults 

Unfortunately, the experimental data of other authors 
[^44-47] are mostly reported only as lump sum figures (cf. 
section 1.2.1.). Above all, there is a lack of graphs of 
the local drying curve as a function of age. England ajid 
Ross [^7] give water concentration distributioixs similar 
to the water balances showtx in Pig. 57 for beams ranging 
in length between 0.6 and 3.1 meters which were heated on 
the closed end to 80° and 12'5‘^C respectively. These dls- 
dlstributions, ascertained after variable heating times in 
the beams, agree qualitatively with our data if we take into 
consideration, for example, the Influence of the higher 
temperature, to which the closed end was exposed, on the 
drying curve, and bear in mind that, because of the experi- 
mental set-ups, a constant and unidirectional flow of heat 
in the beams was not guaranteed. The fact that McDonald 
[il8] found only sligiit variations in his experiments in the 
region of heated end (approximately 65°C), may, among other 
things be due to the low temperature gradient as well as 
the short heating time. Therefore, the author also stesses 
that his experiments are not yet completed. 

Yuan, Hilsdorf and Kesler have determined the drying 
behavior of cement mortar cylinders for different water/cement 
ratios, temperatures and air humidity values [112]. This sys- 
tematic study reveals that the moisture loss of concrete is 
a function of all three variables. As the moisture content 
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decreases, however, the influence of temperature and relative 
humidity declines. This essentially corresponds to our data, 
according to which the drying process is determined by tem- 
perature, moisture content and the structure of the pore space. 
However, the drying diagram supplied by the authors [112] is 
applicable only for constant external conditions. 

With to the dehydration of the beams, we can thus assume 
that the weight loss curves (Fig. 16) will at first continue 
to run approximately linearly, and indeed until the pore 
space of the cooler sections of the beams — which is filled 
after the start of heating and then emptied by the release 
of water at a constant drying rate — contains predominantly 
hygroscopic water. The time required for this process is 
a function of the local moisture conductivity of the pore 
system and of temperature, also of the amount of moisture 
which must be carried from the respective adjacent, hotter 
section. Thereupon, the weight loss curves for the beams 
(Pig. 16) become increasingly flatter and asymptotically 
approach an end value, i.e. the drying rate goes to zero. 

The end value is characterized by the temperature-dependent 
equilibrium moisture concentrations. Reference [112] gives 
the corresponding values for cement mortar. The period 
of decreasing drying rate will be considerably longer than 
the preceding period. Fig. 57 clearly shows that beam 3 
as well as beam 6, both of which are still in the period of 
constant drying rate, have lost only between 1 and 2 % by 
volume of water after more than 400 days of heating in the 
center (approximately 0.6-2. 1 m from the heated end). 


3 . 3 . Influence of Heat /Moisture Phenomena on the Pore Structure 


3.3»1. Total Porosity and Open Porosity 

In section 2.3. we examined the changes in pore space 
associated with chemical and physical processes in the cement 
paste. The total porosity (U^;) determined on the basis of 
density and bulk density measurements can be approximately 
equated to the actual pore space. By contrast, only a por- 
tion of the open pore space, namely in the radius range be- 
tween about 55*10^ and 4 nm, is measured with the mercury 
poroslmeter. The pore volumes (Uj^g) in Fig. 47 are therefore 
even smaller than the total porosities shown in Fig. 43 (the 
corresponding pore volumes would be obtained by dividing with 
Ptr*10^==2. 3*102 (g/cm^)). On the whole, they correspond to 
the capillary pore space, whose minimum pore radii presumably 
measure 3-4 nm [20]. The difference between total porosity 
(Ut) and pore volume (Uiig) thus characterized the gel pore 
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space with average pore radii between 1 and 2 nm [14] and 
maximums around 1.5 nm.[21]. 

The macropores to be attributed to the actual pore 
volume of the concrete are contained in the water absorption 
values (A) of Pig. 37, left, (in section 2.2,5.) for concrete 
samples of beams 3 and 6. Pig, 37, right, shows the order 
of magnitude of the (open) pore space, which, in addition, 
can be filled with water under pressure at 150 bars. This 
proportion is about the same for both types of concrete and 
is dependent on the water/cement ratio within the range examined, 
as shown by the values determined on separately produced test 
specimens. 

As shown in Pig. 44, the total porosity (U^) of cement 
paste, which is stored in saturated calcium hydroxide solution, 
is directly dependent on the water/cement ratio. It decreases 
with increasing age. Both dependencies are to be seen in 
connection with the development in strength and in this regard 
are of special technological importance [1131. Por cement paste 
with water /cement ratios > 0.4, the logarithmic dependency of 
total porosity on age ends after about 28 days, and after about 
360 days it reaches a nearly constant value. By contrast, 
the total porosity decreases further for water/cement ratios 
< 0.4. 

Pig. 43 shows that the continuous decreases over time 
in the total porosity of the matrix mortar is interrupted by 
heating. In the case of the calcite concretes, which in 
comparison with the gravel-sand concrete have a greater total 
porosity from the outset, the effects of the increase in 
temperature in the region of windows 1-3 are obviously serious. 
While for the gravel-sand concrete as well as for the cooler 
regions of the calcite concretes only a temperature-dependent 
shift of the curves is indicated, the total porostiy in the hot 
regions of the concretes does not decrease considerably even 
during the quasi-stable period with respect to the temperature 
distribution (cf. section 3.1.). This can only partly be 
explained by structural changes in the cement paste, and pre- 
sumably is due to factors caused by the aggregate (crack for- 
mation in the bonding region during thermal expansion). This 
is discussed in section 3.4. 

Pig. 47 shows the pore volumes (Uug) and changes in the 
same measured with the mercury porosimeter on the matrix mortars 
of beams 1-6. The greater the water/cement ratio, the greater 
the pore volume. Por all water/cement ratios, it decreases 
similarly with increasing age. Due to the heating begun on 
the 28 th day, the age-induced decrease in pore volume is in- 
terrupted. In the region of higher temperatures, the pore 



volumes (Ujjg.) at first Increase again, but then later decreases 
The Increase in pore volume caused by the local rise in tempera 
ture is also especially large for the matrix mortars of the 
calcite concretes (see above). 


3.3.2. Pore Size Distribution 


Evaluation of the Measurement Method 


The aim of the pore size distribution tests discussed in 
section 2 . 3 . was to characterize the change in pore sizes of 
the concretes as a function of age and local changes in tempera- 
ture and moisture conditions in the beams. In analyzing the 
test data, the error effects peculiar to: the mercury porosimeter 
method had to be taken into account . [ 87 ] . In particular, we 
had to bear in mind that the pore radius distribution maximum 
in the region of the smallest measured pores is only apparent 
because the detection limit of the method is in this region. 

This can be shown by measns of sorption measurements [82, 92]. 

To be sure, Jung [92] assumes that a portion of even smaller 
pores of the gel pore range Is co-detected in the maxlmums. 
However, this proportion cannot be large. 

Under normal hardening conditions, the capillary pore 
space decreases because the hydration products penetrate into 
or form in this space and in this way the gel pore space is 
simultaneously enlarged (cf. section 1.1.). The re-arrangement 
of the pore space portions is incompletely reflected by the 
mercury porosimeter method. So the decrease in pore volume 
(Ujjg) shown in Pig. ^7 is also a special feature of the mea- 
surement method. Diamond [114] estimates the pore volume which 
can be measured by mercury poroslmetry to be 63 %-- 55 % depending 
on the maturation state of the cement paste (also see [I 6 ]). 

It is not to be assumed that different development stages 
of the pore space are of considerable influence on the lower 
limit of the measurement method determined by pore radii of 
about 4 nm. In this regard, the relative changes in frequency 
distributions can be regarded as typical for the pore spectra. 


3 . 3 . 2.1. Cement Paste and Aggregates 


For cement paste samples with different water/cement ratios 
and stored in saturated Ca(OH)p solution. Fig. A 19 of the appendix 
shows that considerable changes in pore structure are to be ex- 
pected even at an age of 180-470 days. Furthermore, it is ob- 
vious frcm these two graphs that the greater the water/cement 





ratio, the greater the (caplliary) pore- volume measured with 
the mercury porosiraeter. Since at lower water /cement values 
only a' slight shift in pore radius distributions towards 
smaller radii occurs, it is to be expected under normal hard- 
ening conditions that the excess water — not required for hy- 
dration — in the main causes the formation of capillary pore 
space and that the gel pore volume is not influenced by 
this. 


As we can assume on the basis of the data plotted in 
Pig, A 20, for both types of aggregate even the smallest 
pores lie within the detection range of the mercury porosimeter. 
The pore volumes relative to the sample weight measure between 
10 %- 20 % of the measurable pore volume of cement paste. The 
graphs show that the calclte material has a very uniform 
pore volume frequency distribution, whereas parts of the gravel- 
sand material also have very large pores. Apart from these, 
the gravel-sand material, like the limestone used, obviously 
has a high density level. 


3. 3.2.2. Matrix Mortar 


Naturally the pore volume frequency distribution for the 
matrix mortars of both types of concretes fluctuate more than 
the frequency distributions for pure cement paste. Therefore, 
to examine the development tendencies of the mortar for 
different temperature and moisture conditions, a large as 
possible number of samples must be used. Although the points 
on the pore volume frequency distribution curves in Fig. A 
17 of the appendix were determined in each case from three 
individual measurement^, the development processes demonstratable 
for cement paste can be detected only indirectly. In addition, 
however, the mortars have pore volume frequency distributions 
which differ considerably from those of the cement paste due 
to a volume component in the region of larger pore radii. 
Moreover, the shape and range of sizes differs for the two 
types of matrix mortar. This is illustrated in the bottom 
graphs of Pig. ^6, in which, using l80-day-old samples from 
window 8 as an example, a distribution of the pore volumes 
is plotted. Accordingly, the pore volume frequency distribu- 
tions are composed of the following; 


A - a volume component, due to the cement paste in the 
range of the smallest measured pores, for the calcite mortars 
with radii <ris^^0 nm and for the gravel-sand mortars with 
radii <rj=52 nm. The considerably larger weight-related pore 
volume of the calclte mortar is primarily due to the higher 
concentration of cement paste. 
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B - the inherent porosity of the aggregate, which in both 
cases is formed of pores with radii <10 nm and has only a small 
proportion of the total porosity. 

C.- the structurally-induced porosity, l.e. the pore 
volume directly caused by geometrical arrangement, particle 
shape and surface quality of the aggregates, which in the 
case of the calclte mortars mainly encompasses pore radii 
between ^<0 and 500 nm, and in the case of the gravel-sand 
mortars covers a rddius range between 52 and about lOQO nm. 

The estimate of the weight-related pore volumes shows that 
this structurally-induced porosity of the calcite mortar 
may be about 30? greater than that of the gravel-sand mortars. 

Naturally, a quantitative distribution of the measured 
pore volume as shown in Pig. ^6 can yield only reference values. 

All of the pore volume frequency distributions measured 
on the matrli. mortars were analysed with the method illustrated 
in Fig. (cf. section 2. 3. ^.2.). In so doing, we characterise 
the change in cement paste porosity (A) due to the pore volvunes 
(uj) as well as the accompanying central pore radii (rm), and 
the change in structurally-induced porosity (C) due to the 
pore volumes (uji) as well as the accompanying central pore 
radii (rmij). 

Since, as expected, the frequency distributions deviated 
sharply, it was necessary to combine the results in each 
case corresponding to both types of aggregate. 

Pig, 51, right, shows the development tendency of the 
structurally-induced porosity (pore volumes uji) prior to 
the start of heating. To be sure, the development ranges 
for the two types of concrete differ in size , but they show 
the same decreasing course, i,e. in both cases the pore space 
becomes smaller. In Pig. 51, left, the changes in cement 
paste porosity (pore volumes uj) are compared for the same 
period of time. To be sure, at an age of 28 days the pore 
volume for both types of concrete reaches the same order of 
magnitude, but the changes at an early age I’un in opposite 
directions. Since the structurally-induced porosity in both 
cases changed in the same way, this did not have to be ex- 
plained to begin with and — moreover, since otherwise the same 
condition existed— was presumably due to the expansion be- 
havior of the calcite aggregate during the rise in temperature 
after the concrete was poured (Pig. 9) which led to crack 
formation (cf. section 3,4,1,), Moreover, it must also be 
taken into account that in both cases a direct effect on 
cement paste porosity at temperatures below 60°C cannot be 
excluded. The change in cement paste porosity after the 
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start of heating is plo-'-ted in Pigs, 48 and 49 on the basis 
of changes in pore volumes Cuj) as well as central pore 
radii Cupii), where the results for each two adjacent windows 
(corresponding to different temperature regions) are combined 
in a fitted curve. In the case of the mortars viith gravel- 
sahd aggregates (Pig. 49), a slight reduction in pore volumes 
(uj) occurs which is obviously only slightly influenced by 
the increase in temperature. Moreover, after the start of 
heating and up to an age of about 100-150 days, the pore 
volumes are shifted towards smaller central pore radii (ujyjj) 
depending on the location in the beam. This is not true 
for the concretes with the calciteaggregates (Pig, 48). 

Rather, in this case, the cement paste porosity sharply in- 
creases, especially at higher temperatures, and then slowly 
falls off. Also the central pore radii (i*mi) plotted in the 
top graph of Pig. 48 first increase in size after the start 
of heating and then decrease. It is worthy of note, however, 
that the greatest shift results at the pore radii for the 
lowest temeperature range (windows 7/8), Altogether, both 
the pore volumes and the accompanying central pore radii 
show a slightly deci'easlng tendency up to an age of 471 days. 

In comparing the graphs of Pigs. 48 and 49, the impression 
arises that in the case of the calcite concretes the change 
in cement paste porosity had been superimposed by an obviously 
temperature-dependent Increase in pore volume. Pig. 50 shows 
that the structurally-induced porosity in the case of both 
concretes after the start of heating experienced only in- 
significant changes and the change in cement paste porosity 
can hardly have dlscrimlnately affected the change in cement 
paste porosity. Since the same development conditions existed 
for both concretes after the start of heating, here too (as with 
the changes before the start of heating) the cause is probably 
to be sought in cracking as a result of the variable thermal 
expansion behavior of the aggregate and cement paste (cf. 
section 3.4.1.). 


If we assume that the gravel-sand mat*erial has Influenced 
the processes in the pore space and the development process 
of the cement paste only to a small extent, then Fig, 49 admits 
of other explanations. In the region of the heated side (curves 
1/2 and 3/4 in the upper graph) the shift in cement paste porosity 
towards smaller central pore radii is especially sharp within 
the heatlng-up phase, but subsides soon after reaching the 
straight-line temperature curve. By contrast, the change in 
the region of the beams only slightly affected by the temperature 
increase (curve 7/8 of the top graph) takes place more slowly, 
but comes to a stop only at a considerably greater age. For ' 
this curve, smaller central pore radii on the whole are obtained 
in the case of curve 1/2. These events are confirmed by the 







pore volxune curves plotted in the bottom graph of Fig. ^9. 
Curve 7/8 reaches the lowest pore volume, i.e. the number 
of small pores has increased the most in the cooler region 
of the beams. 


3«3.3« Comparison of Results 


The results of the pore structure tests can be summarized 
as follows: 


Pore Volume 


- The total porosity (Ut) of cement paste (kept in saturated 
calcium hydroxide solution) Increases as the water/cement ratio 
increases. With increasing age, the total porosity decreases. 

At higher water /cement ratios (>0,^) the development comes to 
a stop earlier than at lower water /cement ratios. 


- The total porosity (Ut) of the matrix mortars from cal- 
cite and gravel-sand concrete is considerably smaller than that 
of cement paste with a corresponding water /cement ratio. The 
decrease in total porosity within the first 28 days is analogous 
to that of the cement paste. 


- For both types of mortars, the age-induced decrease in 
total porosity (U^) is influenced by the temperature increases 
associated with the heating. The total porosity in the range 
of higher temperatures at first increases by about 5 % to 10^ 
and decreases again with increasing age. In the case of the 
calclte mortars, an increase in total porosity is also found, 
the cause of which may be sought in the formation of cracks 
due to variable thermal expansion of aggregate and cement paste. 


- The greater the water/cement ratio, the greater the pore 
volume (Ujjg) of the matrix mortars measured with the mercury 
porosimeter. Up to the 28th day, it Increases in the same 
way for all of the mortars. The age-induced decrease in pore 
volume is Interrupted by the heating. The increase in pore 
volume in the region of the heated surface, which occurs during 
the increase in temperature, is especially pronounced in the 
case of the calcite matrix mortar. With increasing age the 
pore volumes then again decrease. 


Pore Size Distribution 


- The pore size distributions measured with the mercury 
porosimeter on cement paste (kept in saturated calcium hydroxide 
solution) show that as the water/cement ratio increases, above 
all the volume of the large pores increases. They also show 
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that even at an advanced age the pore volume Is shifted to 
still smaller pore sizes. From this it can be concfliuded that 
the number of small pores increases as hydration progresses, 
i.e. the gel pore space is Increased at the cost of the capillary 
pore space. 

- The aggregates used have very uniform pore size distri- 
butions. The proportion of aggregates in the total pore volume, 
however, is comparatively small in 'both cases. 

- Besides the cement paste porosity measurable with the 
mercury porosfmeter es well as the inherent porosity of the 
agsregates, the pore size distributions of the matrix mortars 
show pore volume components, the production of which is 
directly dependent on the aggregates. In the case of the 
calcite matrix mortars, this "structurally-induced porosity" 
lies in the pore radius range between about ^0 ?nd 500 nm, 
for the matrix mortars from the gravel-sand concrstes this 
range is greater, namely about 52-1000 nm. 

- Prior to the start of heating, the structurally-induced 
porosity of both mortars decreases in the young concretes. The 
cement paste porosity of the two mortars changes in opposite 
directions in the same period (up to the 28th day). It becomes 
larger for the gravel-sand mortars, while it decreases for the 
calcite mortars. It is assumed that in the case of the calcite 
mortars, the development curve is superimpored by temperature- 
dependent deformations which are caused by the behavior of the 
aggregates. 

- After the start of heating, the structurally-induced 
porosity no longer undergoes substantial changes. By contrast, 
the change in cement paste porosity is Influenced by the tem- 
perature Increase. However, this also accelerates the hydration 
processes. The pores produced as a result of these events 
appear to be larger than is the case with normal hardening 
temperatures. In the case of the calcite mortars it is assumed 
that changes with respect to cemerit paste porosity are super- 
imposed by temperature-induced cracking between the aggregate 
and cement paste. 

Even recently published articles on the pore structure 
development of cement paste have on the whole confirmed the 
ideas of Powers (cf. section 1.1.), For example, Winslow and 
Diamond [20] show that the total porosity decreases with age 
under normal hardening conditions, while the gel pore space 
increases because of the number of gel pores. Auskern and Horn 
[90] confirm that as the water/cement ratio increases, the 









excess water causes the increase in capillary pore space, 

Tlie gel pore space seems to remain largely unaffected by this. 

The changes in pore structure dependent on the water/cement 
ratio are by far more important than the developmental events 
caused by hydration [20], Our experimental findings are in 
agreement with the fundamental data. 

As temperature increases, the hydration products become 
coarser [sic.]. Only rcently have articles been published 
on the problem' of the influence of temperature on pore 
structure. In experiments on hydrated trlcalcium silicate, 

Skalny and Odler [115] have found by means of sorption measure- 
ments that when the concrete is young the change in the con- 
centration of non-evaporatable water as well as the change 
in specific surface due to the increase in temperature could 
be accelerated. Then the hydration rate dropped very rapidly 
at temperatures of 75° and 100®C, and the reactions came to 
a stop even before the 28th day. At about 25°C, hydrated samples 
finally showed a smaller total porosity with greater specific 
surface. Sellevold [91] observed the same effect on cement 
paste, which was kept at room temperature in saturated calcium 
hydroxide solution and subsequently heated to 97°C, namely 
that — due to the temperature ti'eatment — the specific surface 
became smaller and the pores coarser. Diamond [11^] found 
that initial developmental differences at hydration tempera- 
tures between 6° and are evened out in the following 

period. Prom this can be concluded that significant changes 
in pore structures can be expected only at temperatures above 
about ^I0®C. 

The rise in temperature not only increases the reaction 
rate, but it also influences the existence conditions, described 
by partial vapor pressure and temperature, of the hydration 
products. This leads to new formations and adjustments of 
existing faces to altered equilibrium conditions. Since all 
of these reactions in some way or another affect the flow 
of heat in the beam, the heat flux densities in Fig, 1^ and 
the calculated heat conductivity values in Fig. 60 provide 
information on the structural changes over time in the cement 
paste initiated by heating the beams. In this connection, it 
turns out that — similar to the changes in central pore radii 
as shown in Fig. 49— the processes in the high-temperature 
region come to a stop at an age as early as about 90 days, 
while they last longer in the region of low temperatures. 

As a rule, the permeability of concrete with a dense 
structure is considerably greater than that of mature cement 
paste [11], The gas permeability of cement paste and cement 
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mortar depends, for example, not only on the degree of compaction 
and the water/cement ratio, but It Is also Influenced by curing 
[24, 116 ], so that reduced permeability Is to be expected as 
a result of longer storage In water. This Is a criterion for 
the fact that the pore space components must be differentiated 
depending on their origin (cement paste porosity. Inherent 
porosity of the aggregates, structurally-induced porosity). 
Moreover, according to Czernln [1173, defects In the bonding 
of aggregate and cement paste cannot always be completely avoided 
even In careful laboratory experiments. In this connection, the 
appearance of capillary cavities depends on the nature of the 
aggregates; limestone aggregate seems to guarantee a better 
bond than material containing quartz. 

With respect to structurally-induced porosity, the pore 
size distribution of the matrix mortars with calcite or gravel- 
sand aggregate differ distinctly from one another, as expected. 
Even the observations of Kroone and Crook [II 8 ], according to 
which the pores with radii >200 nm became smaller in young 
cement mortar after curing at 100? relative humidity, while 
the volume of small pores ("cement paste porosity") Increased, 
is at least qualitatively confirmed by the development of 
matrix mortars with gravel-sand aggregate up to the start of 
heating. In experiments on cement mortars containing different 
amounts of sand and with different water/cement ratios, the 
same authors [119] found that by increasing the sand content, 
the pore cross-sections became less uniform which, for example, 
might help explain the different sized pore components. No 
parallels could be found In the literature for the assumption 
made on the basis of our own experiments that the cement paste 
porosity of the calcite matrix mortars Is Increased by cracking 
due to variable thermal expansion of the cement paste and 
aggregate (cf. the following section, 3.4.1.). 


4. Change In Technological Properties 


3.4.1. Shrinkage. Contraction and Thermal Expansion 

In section 2.5.2. we discussed length changes measured on 
the beams In light of the graph plotted In Fig. 58. 

With respect to the lasting contractions before the start 
of heating on the 28th day as a result of shrinkage and con- 
traction (Air jf-i), which were derived from the data plotted 
in Fig. 34 , It must be borne In mind that, above all, the 
volume changes occurring Immediately after the concrete Is 
poured are very difficult to measure. The contraction of 
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cement paste due to shrinkage, which depends on the water/cement 
ratio and is usually measured in a volumonometer td characterize 
the degree of maturity, is practically of no consequent with 
normal concretes. This process can be regarded as largely 
completed at an age of 28 days for the water/cement ratios 
in question here [120]. For both types of concrete, a value 
of 100 ym/m was determined (corresponds to 2^10 ym change in 
length of the beams)/ DIN 10^5 ([1], Table 12) gives degrees 
of final shrinkage on the same order of magnitude for curing 
in very moist air. 


In comparison to the lasting length changes prior to the 
start of heating, the amount of counteracting thermal expansion 
happening before this (at an age of 2 ^ hours) caused by heat 
of hydration is considerably larger and for the calclte con- 
cretes will have measured about ^50 ym and about 750 ym for 
the gravel-sand condretes. Vfhlle for the gravel-sand concretes, 
we can expect about the same thermal expansion behavior of 
the individual components, this cannot be assumed for the 
calclte concretes. As shown in section 2. ^,1.2., the thermal 
expansion coefficient of the calclte aggregate is about ^*7 • 
10“°/®C, that of the gravel-sand aggregate about 11.5 • 10“o/°C, 
and according to Dettling [5^] the value for the cement paste 
should be set between 10.0 and 23.0 • 10“O/°C, The expansion 
of the cement paste inhibited by the limestone by increasing 
the temperature to about 60®C leads to tensile stresses es- 
pecially in the area of bonding zones which, according to 
Czernln [117] show defects from the outset. In spite of high 
strenght levels at an age of 2^J hours (according to Pig. 55, 
the flexural tensile strength of mortar prisms then measures 
about 2/3 of the final strength) , strain relief cracks obviously 
form. It was assumed that the counter-trending cement paste 
porosity curves (Fig. 51, pore volume u-) are due to such 
processes (section 3. 3. 2. 2.), Perhaps a "healing" of the 
cracks is to be expected if hydration products are formed 
in them. This could be inferred from the further progression 
of the cement paste porosity curves up to the 28th day (Fig. 

51, left). 


I 


In conjunction with losses in strength during temperature 
treatment of concretes with different sized aggregates, Browne 
and Blundell [1221] report that stresses are to be expected because 
of the "thermal incompatibility" of limestone and cement paste. 

On the basis of their own experimental data and those of others, 
the authors show that precisely at a young age the temperature 
increase due to heat of hydration leads to high losses in 
strength in limestone concrete. Wlschers [122] has studied 
the Influence of temperature changes on the strength properties 
of five-month-old cement mortars hardened under water and for 
temperature Increases up to 60®C he did not find any strength 
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impairment due to different thermal expansion coefficients, 
although calculations based on elasticity theory suggested 
that, above all, the flexural tensile strength would be 
strongly affected. 

In the region of the closed end of the beams, temperature 
Increases up to a maximum of 60°C were reached after the start 
of heating. In the case of the oalclte concretes. In these 
regions at this time even higher structural stresses are to 
be expected, as a result of which the complicating larger 
applicable thermal expansion coefficient of the hardened 
cement paste, due to the lower moisture content, should 
make itself felt. The stress relief cracks resulting be- 
cause of the inherent stress state in the already pre-damaged 
bonding regions, cause a considerable increases in the porosity 
of the hardened cement paste (pore volume uj in Fig, ^8), a 
process which was not observed in the case of the matrix mortars 
from gravel-sand concrete (cf. section 3.3.2.). 

After the start of heating, theraml expansion contributes 
most to the total change in length of the beams (cf. section 
2 . 5 . 3 .). Pig. 52 shows that the thermal expansion coefficients 
of the concretes depend, as expected, mainly on the nature of 
the aggregates. Besides the difference due to the aggregate, 
for all of the concretes the expansion coefficient in the 
"moist state" (with the unused excess water) is about 1*10”“/°C 
higher than in the "dry state". This is in keeping with 
the relationships discussed in section 1.2.3., according to 
which the proportion of "apparent thermal expansion" initially 
becomes larger with decreasing moisture content. At equilibrium 
moisture levels between 70 % and il5?, this proportion reaches 
a maximum and, according to Dettllng [123], is to be set at 
about 2*10“^V®C for both types of concrete. It becomes smaller 
as the age of the concrete increases. Taking into consideration 
the "real thermal expansion“ measured in the dry state (Fig. 

52 ), we obtain the following mean thermal expansion coefficients 
for the period of about one and a half years after the start 
of heating depending on the molstui*e content of the concretes 
examined in this study; 

calclte concretes o“(^. 7-6, 7) * 10^^/®C 

gravel-sand concretes o»(10. 1-12,1)* 10“ /°C, 

The measurements of local length changes in the concrete 
beams after the start of heating could not yet be included in 
this paper (cf. section 2,2,^1.2,), so that the strains occurring 
as a result of the heat A»olsture processes in the concrete were 
discussed only in light of the total length changes and of the 
drying shrinkages shown in Fig. 53 (section 2.5.3.). The 
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determined drying shrinkages, as a result of di«ylng at 105®C, 
of 200 ym/fe for the calclte concretes and ^<50' yin/m for the 
gravel-sand concretes are certainly greater than the values 
to be expected In the region of the heated end after many 
years of heating at 80®C, The recommendation to assume a 
degree of shrinkage of 300-^100 ym/m for the inside after the 
start of heating over a range of 30-50 cm [^1] is obviously 
realistic and guarantees sufficient reliability. In th^ case 
of the calclte concretes, about 200 ym/m are sufficient. 


The influence of the water/cement ratio on the total 
length changes of the 2,40 m long beams after the start of<‘ 
heating is shown irt Pigs. 31 and 32. If the calclte beams 
are extended on the order of 400 yn, the value for beam 3 
(watcr/cement ratio = 0.50) is about 100 ym with respect to 
beam 1 (water/cement ratio « 0.50) [sic,]. If the gravel-sand 
concrete beams are extended on the order of 750 ym. the values 
for beam 6 (water /cement ratio = 0.63) and beam 4 (water /cement 
ratio *• 0.52) differ by about 200 ym. It is also obvious fcr 
the curve of total length changes that the changes in pore 
structure, which occur very slowly, obviously do not have a 
drastic effect on the shrinkage behavior of the concretes — 
disregarding the heatlng-up phase. 


3.4.2. Compressive Strength 


The change in strength of the mortar prisms (Fig. 55, 
section 2.4.2.) matches expectations f >r a PZ 450 F cement 
as per DIN 1164 [3]. At an age of one day (extrapolated 
values) the flexural tensile strength has reached about 60$ 
of the value at an age of about two years, and the compressive 
strength has reached about 30$ of the two-yesr-old value. 

While after 28 days the compressive strength increases by 
about another 20$, the flexural tensile strength, which is 
more closely linked to structural stresses, does not show 
any more significant Increases beyond this age. 


The age-dependent increase in compressive strength de- 
termined on concrete cubes (cf. Fig. 56, section 2.4.2.) re- 
veals clear changes determined by the type of curing and the 
water/ceraent ratio. With long-term "moist curing” ,' all of 
the concretes show the expected logarithmic dependency of 
compressive strength on age [124], In the case of "dry 
curing” started at an age of 7 days, an apparent Increase 
in strength initially results which is due to the rearrangement 
of stresses as a result of the release cf moisture from the 
pore space. During these processes, the moisture content In 
the concrete falls below the level necessary for hydration 
(cf. section 1.1.4.), and the increase in strength comes to 
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a stop. Taking into consideration these findings as well as 
the compressive strength levels measured on core samples from 
split-off sections of beams 3 and 6 (cf. Pig. 38, section 
2.2,5 .) 5 the change in compressive strength of the concrete 
in the beams is characterized as follows : 

In the temperature ranges up to about 50°C, 
a temperature-dependent effect cannot be detected. 

The change in compressive strength in the region 
of the open end is only insignificantly affected 
by the drying processes. 

While the gravel-sand concrete at temperatures 
above about 50®C shows a distinct increases in 
strength (about 15? maximum) with respect to the 
cooler legions of the beam, this is not found in 
the case of the calclte concrete. Rather, for this 
concrete the compressive strength decreases (about 
30? maximum) with increasing temperature. 

The increase in strength of the gravel-sand concrete is 
caused by a temperature-dependent acceleration of the hydration 
processes in the hardened cement paste given a sufficient 
moisture content (cf. E125] and [126]), This strength-increasing 
Influence is cancelled out in the calclte concrete by the 
strength-reducing processes of crack formation due to the 
considerable differences in the thermal expansion coefficients 
of limestone and hardened cement paste (cf. section 3.^.1.). 

It is obvious from Fig. 59 that the concrete, already damaged 
by the temperature cycle due to heat of hydration, experiences 
a drop in compressive strength of about 10? as a result of 
heat treatment at 70° C. Browne and Blundell report experiments 
in which losses in strength of even 35? were found due to a 
temperature Increase on the same order (53°C) [121], 
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Pig, 6l shows the dependence of thermal conductivity on 
moisture content 'at temperatures between 20° and 80°C ex- 
pected for the calclte and gravel-sand concretes. The curves 
are based on equations discussed by Krlscher [59], according 
to which not only the solid structure and the pore space 
filled with water and air conduct heat, but also vapor diffusion 
processes contribute to heat conduction. The extent to which 
this occurs is a function of moisture content and temperature. 
Taking into consideration moisture content and temperature, 
the following heat conductivity ranges can be given on the 
basis of our own experiments: 






l.M<X<ca. 2.8 [K/m.K] 
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calcite concrete 

P^. S' 2.3 kg/dm3 


gravel-sand concrete 
p- = 2.2 kg/dm3 


The dependence on the water/cement ratio is obviously in- 
significant within the range in question (cf. also Pig. A 39 
in the appendix). While the literature contains reference 
values for the thermal conductivity of concretes in the dry 
state [4l], comparable data do not exist on the Influence 
of the moisture content. Only Marechal [62] indicates de- 
pendencies for gravel-sand concretes (not further identified), 
according to which when the moisture content is in equilibrium 
with the respective saturation vapor pressure at temperatures 
around 60°C, a thermal conductivity maximum (2, 4-3. 3 W/m*K) is 
to be expected. 


Summer 


The temperatures arising during operation in thlckwalled 
concrete reactor vessels alter not only the heat/molsture 
equilibrium state in the concrete, but they also influence 
the technilogical properties of the concrete. In this work 
we have examined the conduction of heat and moisture and the 
developement processes and changes in concrete associated with 
heat and moisture conduction. 

The test specimens used were 6 concrete beams (cf. Fig. 3) 
measuring 40 cm x 40 cm x 240 cm, which were exposed on one end 
at an age of 26 days and heated on the opposite end. The nominal 
temperature on the heated end was 80°C. The prevailing temperature 
at the open end was 20°C with a relative humidity of 45?. To 
make it so that the heat and moisture were conveyed only in the 
direction of the long axis of the beams, the test apparatus was 
fitted with vapor seals, thermal insulation layers and compensa- 
tion heating bands. Test specimens of so-called matrix mortar 
were distributed in cavities on the top of the beams in direct 
contact with the concrete. These were removed at different 
intervals for structure tests. Three concretes were made with 
crushed calcite aggregate with water/cement ratios of 0,50, O .565 
and 0,63 and three concretes were made with uncrushed Rhine gravel- 
sand aggregate with water/cement ratios of 0,52, 0.575 and O. 63 . 

PA 450 P Portland cement was used as the binding agent. Test 
specimens of hardened cement paste, cement mortar and of various 
concretes used in the experimental program were used for 
supplementary tests. This study contains measurements made up 
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to an age of about 450 days for all of the concretes. Electric 
resistance elements and a neutron probe were used to determine 
the water content, Including the evaporatable and non-evaporatable 
portions. In Addition v- conventional gravimetric analysis methods 
were also used. A mercury porosimeter as well as other instru- 
ments were used to characterize the changes in pore space. 

As a result of the heat of hydration, the temperatures in 
all of the beams reached maximum values of about 60°C within 
24 hours after the concrete was poured. In spite of a relatively 
low heat of hydration of only 273 J/g» the use of cement with 
high initial strength proved to be a drawback in the case of 
the calcite concretes. 

After the start of heating, an approximately straight-line 
temperature distribution was established along the long axis 
within about 30 days in all beams. To be sure, changes in 
thermal processes over time cannot be distinguished until mea- 
sured heat flux densities are available. After about 110 days 
of heating, the temperature fields may finally be regarded 
as free of heat sinks and heat sources. The movement of 
moisture beginning after the start of heating is characterized 
by means of moisture loss curves and balances of the total 
water content as a function of age and also by means of local 
changes in the drying curve. In this connection, it turns out 
that the "large-scale" moisture conduction is at first pre- 
sumably superimposed by local changes in the concentration of 
evaporatable water. The drying curve at the open end at first 
corresponds to the familiar drying equations for capillary- 
hygroscopic substances and is mainly a function of the constant 
environmental conditions. For drying under the effect of in- 
creased temperature, a diagram was designed, taking into con- 
sideration the data available, which expresses the change in 
time as a function of temperature (i.e. distance from the 
heated end), the concentration of evaporatable water and the 
pore structure. 

The heat/moisture processes influence the pore structure. 

The age-induced decrease in total porosity is interrupted after 
the start of heating. Depending on the local increase in 
temperature, the total porosity first of all increases and 
then later decreases. In contrast to the matrix mortars of 
the gravel-sand concretes, for which the total porosity finally 
drops to 15% y for the equivalent calclt mortars, with initially 
higher total porosities, a considerably "more lasting" increase 
is found. In the course of more than a year, total porosities 
of about 19^ are reached. The pore size distributions measured 
with the mercury porosimeter also show specific differences. 
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Vfhlle the inherent porosity of the aggregates and the hardened 
cement paste porosity contribute equally to the pore size 
distributions of both types of concete, on the other hand 
a "structurally-induced porosity" can be shown to exist which 
depends on the nature of the aggregate. For the calcite 
mortars, this includes the pore volxune within a radius range 
between about 40 and 500 nmj and for the gravel-sand concrete 
mortars, between about 52 and 1000 nm. Before the start of 
heating, the structurally-induced porosity of both types of 
concrete decreases sharply and the temperature increase due 
to heating results only in insignificant changes. The de- 
velopment of the hardened cement paste porosity (pore volumes 
within radius ranges between about 4 and 40 or 52 nm) of the 
matrix mortars of the gravel-sand concretes is characterized 
by an Increase in pore volume up to the start of heating. 

After the start of heating, the hydration processes are, to 
be sure, accelerated as a function of the respective temperature 
Increase, but at higher temperatures (>40°C) coarser pores 
form than under normal hardening conditions. In the case of 
the calcite mortars, this development is obviously superimposed 
by the formation of cracks in the bonding regions between 
aggregate and hardened cement paste. This is caused by the 
Increase in temperature produced by the heat<;of hydration as 
well as the externally applied heat. Such processes are due 
to differences in the thermal expansion coefficients of the 
calcite aggregate and the hardened cement paste. Already 
during the temperature increase as a result of the heat of 
hydration, high levels of structural stress seemed to lead 
to deformations which, during another temperature increase, 
appear in the form of defects. This also leads to significant 
drops in compressive strength in the temperature range of the 
beam 'above about 50®C. These losses make up about 30? of 
the compressive strength of the cooler region of the beam. 

In contrast to this, the gravel-sand concrete reaches strength 
increases in the same temperature region up to a maximum of 
15?. 


The changes in total length measured on the beams are co: 
posed of components due to the influence of shrinkage, contra 
tion and thermal expansion. These changes were examined in 
additional tests on test specimens. Depending on the molstur 
content, the thermal expansion coefficient should be set at 
(4. 7-6. 7) 10"°/°C for the calcite concretes and (10.1-12.1) 
lO-o/oc for the gravel-sand concretes. In the region of the 
heated end (80®C), degrees of shrinkage have to be taken into 
account, which in the case of the calcite concretes are no 
more than about 200 ym/m, and in the case of the gravel-sand 
concretes no greater than about 450 yra/m, assuming complete 
drying. 





The heat conductivity of the concretes depends to a con- 
siderable extent on the moisture content and temperature. For 
the concentration range of evaporatable water up to about 12? 
by volume, values between 1,^ and about 2.8 W/m*K are to be 
expected for the calcite concretes, and values between 1.8 and 
about 3*5 W/m*K for the gravel-sand concretes. 


In contrast to popular opinion, the results show that 
changes in the heat/moisture equilibrium with structural 
development can also significantly predetermine the technological 
properties in the temperature range study. Since in this connec- 
tion the investigation of the course of drying over time is 
especially important, it is intended to continue making measure- 
ments on the beams still in the experiment up to an age of three 
years. Then, on the basis of moisture loss curves for the beams 
as well as local drying curves, we will work out the experimental 
principles for testing heat/moisture models. 
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Figs. A 11 and 12. See key and caption on page 171 
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Key, Figs. A 1-A 12: A. Water content 

B. Beam 

C. Days 

D. Age 


Captions, Pigs. A 1-A 12 

Pigs. A 1 and A 2. Solid-line curves: change in total water con- 

tent as a function of age at different distances from the heated 
end (space coordinates in cm); cf. section 2. 2. 3-3-2. Dotted-line 
curves: change in evaporatable water content as a function of age 

for measurement planes A to Q (distance from ulie heated end given 
in parentheses); cf. section 2. 2. 3. 2-2. 


Figs. A 3 and A Solid-line curves: change in total water con- 

tent as a function of age at different distances from the heated 
end (space coordinates in cm); cf. section 2. 2. 3- 3- 2. Dotted-line 
curves: change in evaporatable water content as a function of age 

for measurement planes A to Q (distance from the heated end given 
in parentheses); cf. section 2. 2. 3*2. 2. 


Pigs. A 5 and A 6. Solid-line curves: change in total water con- 

tent as a function of age at different distances from the heated 
end (space coordinates in cm); cf. section 2.2. 3. 3-2. Dotted-line 
curves: change in evaporatable water content as a function of age 

for measurement planes A to Q (distance from the heated end given 
in parentheses); cf. section 2. 2. 3. 2. 2. 


Pigs. A 7 and A 8. Solid-line curves: change in total water con- 

tent as a function of age at different distances from the heated 
end (space coordinates in cm); cf. section 2. 2. 3. 3-2. Dotted-line 
curves: change in evaporatable water content as a function of age 

for measurement planes A to Q (distance from the heated end given 
in parentheses); cf. section 2. 2. 3. 2. 2. 


Figs. A 9 and 10. Solid-line curves: change in total water con- 
tent as a function of age at different distances from the heated 
end (space coordinates in cm); cf. section 2. 2. 3. 3. 2. Dotted-line 
curves: change in evaporatable water content as a function of age 

for measurement planes A to Q (distance from the heated end given 
in parentheses); cf. section 2. 2. 3. 2.2. 

Figs. A 11 and 12. Solid-line curves; change in total water con- 
tent as a function of age at different distances from the heated 
end (space coordinates in cm); cf. section 2. 2. 3. 3. 2. Dotted-line 
curves: change in evaporatable water content as a function of age 

for measurement planes A to Q (distance from the heated end given 
in parentheses); cf. section 2. 2. 3. 2. 2. 
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Fig. A Ih. Change in total water content (as percentage of the 
initial value before the start of heating) as a function of the 
age of the concrete; plotted for 13 space coordinates (distance 
from the heated end) of beam 3 (cf. section 2. 2. 3-3.). 
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Fig. A 15. Change in total water content (as percentage of the 
initial value before the start of heating) as a function of the 
age of the concrete; plotted for 13 space coordinates (distance 
from the heated end) of beam 4 (cf. section 2 . 2 . 3 . 3 .). 
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Fig. A. l6. Change in total water content (as percentage of the 
initial value before the start of heating) as a function of the 
age of the concrete; plotted for 13 space coordinates (distance 
from the heated end) of beam 6 (cf. section 2,2.3.3.). 
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Fig. A 17. Pore volume frequency distribution for matrix mortars 
of calcite concretes (beams 1-3) and gravel-sand concretes (beams 
^-6) at an age of 3 , 7 and 28 days (cf. section 2. 3-^. 2.). 
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Fig. A 18. Pore volume frequency distribution of the matrix mortars 
from windows 8, 7 and 2 of beam 3 (calcite concrete; age, l80 and 
^70 days) and of beam 6 (gravel-sand concrete; age, l80 and 421 
days) (cf. section 2. 3. 4. 2.). 
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Fig. A 20. Frequency distributions of the weight-related pore 
volumes of samples of gravel-sand and calclte aggregate (lime- 
stone) (cf. section 2. 3 . ^*2.). 
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Fig, A 21 and 22. Water content balances over beam length; 
upper limit of the dot-shaded fields corresponds to the mean 
initial water content (cf. section 2.5.I.). 
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Pig. A 25 and 26 . Water content balances ove 
upper limit of the dot— shaded fields correspo 
initial water content (cf. section 2 . 5 . 1 .), 

Key: A. ^ by volume 

B. Evaporatable water 

C. Non-evaporatable water 

D. Beam 

E. Days 







p 


Fig. A 27 and 28. Water content balances over beam length; 
upper limit of the dot-shaded fields corresponds to the mean 
initial water content (cf. section 2.5.1. )• 
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Fig. A 29 and 30. Water content balances over beam length; the 
upper limit of the dot— shaded fields corresponds to the mean 
initial water content (cf. section 2.5.1.). 
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Fig. A 33 and 3^. Water content balances over beam length; the 
upper limit of the dot-shaded fields corresponds to the mean 
Initial water content (cf. section 2.5.1.). 
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Pig. A 35 and 36 . Water content balances over beam length; 
upper limit of the dot-shaded fields corresponds to the mean 
initial water content (cf. section 2. 5.1.). 
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Pig. A 37 find 38 . Water content balances over beam length; the 
upper limit of the dot-shaded fields corresponds to the mean Initial 
water content (cf. section 2.5.1.). 
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Pig. A 39. Thermal conductivity 
(X) as a function of water content 
with smoothed curve for beams 1, 

3 and (cf. Pig. 59 in section 

2.5.3.). 
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The following books have been published since 19^5 in the series 
sponsored by the German Commission for Reinforced Concrete; 

No. 100: Experiments on Reinforced Concrete Beams to Determine 

the Reinforcing Limit , by Willy Oehier, Hermann Amos 
and Erich 'Friearich. 
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No. 102: 


No. 103: 
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No. 105: 


No. 106: 


No. 107 
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Experimental Results and the Dresden Calculation Method j 

for the 'Plastic Range of Concrete (19^9). by Willy 

Qehler. out of print 

Experiments to Determine the Degree of Cracking and 
Strength of Reinforced Concrete Plates with Different 
Retn^'orcing bars with tncrementally tncreased Load , 
by Otto Oraf and Kurt Walz. 

Experiments on the Swell Tensile Strength of Snaked 
Reinforcing bars , by Otto Graf anci ftustav Weil. 

Experiments on the Behavior of Cold Worked Structural 
Steels When bent Back After Treating the Specimens in 
Various Ways , by Otto Graf and Oustav Weil. 

Experiments for Determining the Interaction of Precast 
Relnfercel Concrete Structural ^lembers for Roofs , 

by Hermann Amos and Walter boohmann. out of print 

Concrete and Cement in Seawater (1950) and further 
editions, by Alfred Eckhardt and Walter Kronsbeln. 8.50 DM 

The n-free Method of Calculating a Simple Reinforced, 
Rectangular Steel Concrete Beam (1951), by K.B. Haberstock. 

out of print 

Binders for Mass Concrete. Studies on Hydraulic Binders 
Made from Cement. Lime and Trass (1951). by Kurt Walz. 

out of print 

The Experiment Reports of the German Commission for 
Reinforced Concrete (19^1), by (jtto (ira(*. out of print 

Calculation Tables for Right-Angled Roadway Plates for 
klghway Bridges (195^), by Hubert Rusch. 6h revised 
edition. out of print 

The Ball Impact Test for Concrete (1952), by Kurt Gaede. 

out of print 

Com pa ction of Lightweight Concrete by Vibration (1952), 
by"KufVliral 2 . ' " out of print 
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SO, Concentration of Aggregates (1952), by Kurt Caede. 

J 6 . DM 

Crushed Brick Concrete (1952), by Karl Charlslus, 

Walther ftrlchsll and Alfred Hununel. out of print 

Model Experiments on the Influence of Torsional 
Rigidity for a T^eam ferldge (1952). by Gerhard Marten. 

out of print 

Frestressed Concrete Railroad Bridges (1953 and 1961) 

2nd enlarged edition, by Rudolf Punrer. 14.50 DM 

Buckling Tests with Reinforced Conc rete Columns, by 
Willy Oehler and Alfred flutter. 

Strength and Elasticity of Concrete with High Strength 
by Otto drnr. out oT print 

Heaped Concrete Made from Various Aggregates , b y 
Alfred Hummel and K. Wesche. 

h 

Determination of the Granular Stability of Crushed 
Brick and Other Lightweight Concr ete Aggregates (lQ*=i4) , 
by Alfred Hummel. 7 . DM 

The Feder.al Railway Experiments on Frestressed Concrete 
Beams In Kornwesthelm 6y Ulrich Oiehrach and 

(•hrlstlan Battele. 10. DM 

Compaction of Concrete with Immersloti Vibrators and 
Vlbr‘atlon Tables. Quality Control of Structural t^Ioor 
Units (1954). by Kurt Wais. out of print 

Aerated and Porous Cement; Bearing Capacity of Walls 
and Contraction , by Otto Graf and Hermnnn s^hnm.»v 

Pall Impact Testing of Porous Concrete d'^54). bv 
Kurt Gaede. out of print 

Sulfur Bonding In Cinder Concrete (1954), by Adolf Stols, 
Frans Rost, Helene 21nnert , Frits Henkel. ' 13. DM 

Experiments on the Bond Betwee n Precast Keinfor^d Con- 
crete Beams~an37TrT^^sT|TrT'^orel^ Otto CTT'af and 
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out of print 
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(1961), by Gallus Rehm. out of print 
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No. 1^10: Experiments with Concrete Shuttering Rods (1963), 

by Hubert Rusch and Gallus Rehm. 29.80 DM 
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by Walter Albrecht and Hermann Schmidt. 13.50 DM 
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Rust Protection for the Reinforcement , by Walter Al- 
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brecht and Hermann Schaffler. p,*. 


Tests on the Strength and Deformation of Concrete 
during Compressive Repeating Load, by Kurt Gaede. 


The Influence of the Size of Test Samples on the 
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No. 1^5: Shearing Tests on Right-angle Reinforced Concrete 
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of Shearing Force and Moment (1962). by Finn Robert 
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bars, by Hubert Rusch and Oallus Rehm. 
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by Kurt Gaede. J?.60 DM 
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(1962), by Alfred Mehmel and Edgar Kern. 25 . DM 
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Tt- rc bv Si muli-aneous Contraction TT9oo) , 

bv Waiter Kuetz.' ^ ^ I'^.oO DM 


The Influence of Secondar y Compaction and of a Coating 
Sir.r^ntrth. Creep and Shrinkage of Concrete 
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Statistical Analysis of Concrete Strength (1969) , 
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by Rudolf Sell and Colcstin Zelger. 
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Cracking Caused by Latent and Induced Stresses Due 
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